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Ab initio molecular dynamics studies of hydroxide
coordination of alkaline earth metals and uranylf

Olivia Lynes, (2@ Jonathan Austin® and Andy Kerridge (2 *?

Ab initio molecular dynamics (AIMD) simulations of the Mg?*, Ca®*, Sr¥* and UO,2* ions in either a pure
aqueous environment or an environment containing two hydroxide ions have been carried out at the
density functional level of theory, employing the generalised gradient approximation via the PBE
exchange—correlation functional. Calculated mean M-O bond lengths in the first solvation shell of the
aquo systems compared very well to existing experimental and computational literature, with
bond lengths well within values measured previously and coordination numbers in line with previously
calculated values. When applied to systems containing additional hydroxide ions, the methodology
revealed increased bond lengths in all systems. Proton transfer events (PTEs) were recorded and were
found to be most prevalent in the strontium hydroxide systems, likely due to the low charge density of
the ion and the consequent lack of hydroxide coordination. For all alkaline earths, intrashell PTEs which
occurred outside of the first solvation shell were most prevalent. Only three PTEs were identified in the
entire simulation data of the uranium dihydroxide system, indicating the clear impact of the increased
charge density of the hexavalent uranium ion on the strength of metal-oxygen bonds in aqueous
solution. Broadly, systems containing more charge dense ions were found to exhibit fewer PTEs than

rsc.li/pcecp

1. Introduction

The coordination environment of alkaline earth metals in aqueous
environments has been the subject of both experimental and
theoretical investigations for decades."” Both magnesium and
calcium are of significant biological importance®® and are key
components in natural groundwater,'® whereas strontium is
often associated with nuclear waste. Radioactive *’Sr is produced via
nuclear fission of >*U and is a potential health hazard due to
chemical similarity to calcium and a consequent analogous
biological absorption profile. Immobilisation of *°Sr present
in high and intermediate level nuclear waste (HLW and ILW) is
an ongoing concern of the nuclear power industry.

The first generation of British nuclear reactors used solid
uranium fuel rods clad with a magnesium alloy, known as Magnox.
Prior to the reprocessing or final disposal of the spent nuclear fuel
the fuel is stored under water in ponds for cooling and radiation
shielding resulting in the formation of uranyl (UO,*"). To inhibit
corrosion of the Magnox, the ponds are typically held at high pH but
over their operational lifetime, since the 1950s, this has not always

“ Department of Chemistry, Faraday Building, Lancaster University, Lancaster,
LA1 4YB, UK. E-mail: a.kerridge@lancaster.ac.uk

b National Nuclear Laboratory Limited, 5th Floor, Chadwick House, Birchwood
Park, Warrington, WA3 6AE, UK

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c9cp00142e

This journal is © the Owner Societies 2019

those containing ions of lower charge density.

been the case, resulting in some fuel being exposed to a pH range
between 10 and 12. The pond conditions combined with the
decades of fuel storage has caused a particulate sludge of Magnox
corrosion product (brucite and hydromagnesite) to form at the base
of the legacy ponds which readily interacts with radionuclides and
other ions present in the liquor."™'* Many of these storage ponds
are reaching the end of their viable lifetime and thus require
emptying and decommissioning. The primary radionuclides in
the storage ponds are ***U and two fission products, **'Cs (¢, =
31.2 y) and the aforementioned *°Sr (t,/, = 28.8 y), existing primarily
as carbonate and hydrated hydroxide complexes. Detailed under-
standing of the solubility, and ability of the group 1 and 2 metals, in
particular Cs, Sr and Mg, to interact with the minerals present is of
particular importance to the decommissioning process in terms of
sludge removal and the removal of radioactivity from the effluent
that is generated.

To fully investigate the interaction between these ions and a
mineral surface it is essential to have a detailed understanding
of the microsolvation of the ions in both the absence and presence
of hydroxide. While the former has been well documented
in literature there is severely limited research on the later
with literature focusing on gas phase'*™*® investigations, while
the dynamics of hydrated hydroxide complexes have received
limited attention.'®™® This contribution aims to develop
understanding of ion interactions with hydroxide in aqueous
environments.
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Recently, molecular dynamics simulations (MD) have gained
popularity as method for investigating such dynamical
processes.’*>* Ab Initio Molecular Dynamics (AIMD), in the
form of Born-Oppenheimer Molecular Dynamics (BOMD) or
Car-Parrinello Molecular Dynamics (CPMD)**™*” uses quantum
chemical techniques to determine interatomic interactions.
One of the main advantages of AIMD is that it can be used to
study chemical bond-breaking and formation,*® as such it has
been used to study proton transport through water,>® hydrogen
bonding®® and the microsolvation of ions.*' It has also been
employed to predict experimental observables linked to electronic
structure, including NMR,> IR*> and Raman spectra.*

In this contribution we employ BOMD to investigate the
structure and dynamics of hydrated alkaline earth metals and
uranyl, UO,*", in the presence of hydroxide. Whilst of the
alkaline earths considered here, Mg, Ca and Sr, only the latter
is a direct product of the nuclear fission process, the others are
present in the aforementioned storage ponds and in the ground
water around nuclear sites. The study of Mg and Ca also serves
to highlight the variation in the nature of the ion-hydroxide
interaction through the alkaline earth group, whilst the inclusion of
uranyl allows consideration of a more complex ion with significantly
different electrostatic properties. Consequently, improving our
microscopic understanding of their solvation properties is of
value and, furthermore, allows for the investigation of the
applicability of BOMD in discriminating between properties of
closely related species. The coordination environment of aqueous
Mg>*, Ca**, sr”* and UO,>" complexes have been well studied with
both computational and experimental methods and inspection
of the existing literature on alkaline earth hydration show
significant variation.

The literature on the hydration structure of Mg*" is relatively
unambiguous. X-Ray Diffraction (XRD),>** Neutron Diffraction
(ND),>® Raman spectroscopy,*®*” Density Functional Theory
(DFT),*®*° MD?**?*%° and AIMD*'** investigations all report a
coordination number (CN) of 6 with the first shell Mg-O distance is
found experimentally to be between 2.10 and 2.12 A**37%%8 Ope
gas phase DFT study investigating the successive binding energies
of water to Mg>" by Pavlov et al.*® found stable structures up to a CN
of 7. A CN of 6.8 was reported in an XRD study by Albright*® but the
author warned that the poor resolution of the peaks was the likely
cause of the inconsistent result.

The hydration structure of Ca®>* is less well-defined, with
experimental investigations including extended X-ray absorption
fine structure (EXAFS),”® XRD>***1*? and ND****** reporting CNs
between 6% and 7.9,*® and Ca-O distances of 2.4°® to 2.45 A
while combined experimental computational investigations®>°
reporting CNs of 6> to 9.5,>* and Ca-O distances of 2.45°° to
2.51 A Katz et al.*” used ab initio molecular orbital calculations to
examine structures of Ca®>" complexes and similar energies were
found for CNs 6, 7, and 8 while all other CNs had considerably
larger energies. MD calculations®® ® report similar variation with
CNs ranging from 5.95°° to 8%° and Ca-O lengths of 2.35°° to
2.45 A®* The quantum chemical statistical mechanical (QMSTAT)
study by Tofteberg et al.>® reported a CN of 6.9 with a Ca-O length
of 2.5 A. Various CPMD*"*>*>%* studies of the hydration structure
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of Ca®" calculated CN in the range 5.9*" to 7.2°> and Ca-O distances
of 2.36* t0 2.45 A.** A BOMD study by Mehandzhiyski et al.** found
a CN of 7 with a Ca-O distance of 2.45 A, in agreement with earlier
CPMD studies.

The hydration structure of Sr** is similarly varied in the
literature. EXAFS studies identify structures with CNs from 6°°
to 10.3%° and first shell Sr-O distances of 2.57°° to 2.63 A,°°
X-ray Absorption Fine Structure (XAFS) report a smaller CN
range of 6.22° to 7.3°® and first shell Sr-O distances of 2.6%” to
2.62 A,°® while XRD studies report a CN of around 8746977
and first shell distances of 2.6*® to 2.64 A.*” A ND study by
Neilson et al.”> of Sr(ClO,), reported a much higher CN of
15 with Sr-O first shell distance of 2.65 A, however this data was
later re-examined in conjunction with an Anomalous X-ray
Diffraction (AXD) study to find a lower CN of 9.”*

Various computational methods have been used to evaluate
the first shell solvation structure of Sr** including DFT,”? Quantum
Mechanical/Molecular Mechanics (QMMM),”* QMSTAT*® as well as
MD and AIMD.****”®> A Sr CN of around 8%+’ is typically
identified within a range of CNs between 6.7*" and 9.8"” and Sr-O
distances of 2.58" to 2.69.°® A recent paper by D'Angelo et al”®
combined experimental and computational techniques to investi-
gate the coordination shell of Sr** using X-ray absorption near-edge
spectroscopy (XANES) of [Sr(H,O)s](OH),, MD and CPMD. The
authors concluded that a CN of 8 with a first shell Sr-O distance
of 2.6 A was the most accurate description, reporting that the 2.72 A
bond length calculated with CPMD was inaccurate compared to
their classical simulations and other AIMD literature.*””> A BOMD
study by Mehandzhiyski et al® included a DFT-D2 dispersion
correction to better model the interactions of the water molecules,
something absent from earlier investigations and found a CN of 7.6
with 2.60 A Sr-O first shell distance.®*

EXAFS,**>®' High Energy X-ray Scattering (HEXS),** High
Field NMR,* XAFS,*** X-Ray Scattering®® and XANES®” have
been used to probe the solvation structure of aquo complexes of
UO0,*". They report equatorial coordination numbers (CN) of 4.5%°
to 5.3,%" axial uranyl (U-Oy;) bond distances of 1.70*® to 1.77 A%
and equatorial (U-O) bond distances of 2.41%%%%%% to 2.45 A.*°
Both the HEXS study of Soderholm et al® and the X-ray
scattering investigation by Neuefeind et al.®® found a dynamic
equilibrium between a four and five coordinated uranyl,
[UO,(H,0),]*" and [UO,(H,0)s]** respectively, in which the five
coordinated species was favoured.

Various DFT investigations of the aquo solvation structure of
uranyl found a equatorial uranyl CN of 5,”*"°% with equatorial
U-O bond lengths of 2.4°*°% to 2.53 A.°*°7 In general both
AIMD?? 7! and MD®”1%?71% simulations of the uranyl solvation
environment indicated a coordination number of 5 and the
U-O bond distance is identified as 2.36'°* to 2.48 A.****%° The
MD study by Rodriguez-Jeangros et al.'° identified an average
CN of 4.39 as uranyl is equatorially coordinated by either 4 or
5 waters.

There is limited literature examining the interaction of Mg,
Ca and Sr with hydroxide ions in an aqueous environment.
Kluge et al.'®” used gas phase DFT with the B3LYP exchange-
correlation functional and found that the introduction of a
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hydroxide ligand reduces the CN of the Mg>" ion from 6 to 5. In
repeat calculations it was found that upon the inclusion of a
hydroxide ion, one water molecule migrated to the second
solvation sphere causing a change in coordination geometry
from octahedral to bipyramidal. The gas phase DFT studies of
Felmy et al.'®® explored the hydrolysis of both Ca®>" and Sr**
aquo complexes. In hydrolysing calcium aquo species from
Ca(H,0)e to [Ca(H,0)s0H]", there was no change in first solvation
shell CN, and no migration of the hydroxyl group from the
Ca ion. However, the removal of a proton from [Sr(H,0)e]**
and [Sr(H,0)s]*" had a qualitatively different impact. In the
[Sr(H,0)s0H]" structure the OH™ ligand was found to directly
bind the Sr ion whereas for [Sr(H,0);OH]" the OH™~ dissociated
from the central ion into the second solvation shell and formed
hydrogen bonds with three first shell H,O molecules. Various
XRD,%*'% ND''® and XANES”® investigations examining the
structure of Sr(OH),-8H,O all indicated that 8 water molecules
coordinate to the ion, and the hydroxide oxygen forms chains of
acceptor and donor bonds with the first coordination shell.

The impact of hydroxide on the first solvation shell of uranyl
has been documented in both experimental®®''**'* and com-
putational literature alike.3*°7°%1137122 The EXAFS and XRD
analysis by Clark et al.'** of UO,(OH),> " (n = 4, 5) found U-Oy,
distances of 1.80 to 1.82 A and U-Ogy distances of 2.21 to
2.26 A. Multiple DFT studies of [UO,(OH),]*~ found longer
distances of 1.84'"* to 1.88 A''® for U-O,; and 2.29"'° to 2.31™"°
U-Ocy. The gas phase DFT investigation by Ingram et al.'"” into
the relative energies and ground state structures of (JUO,(H,0),,-
(OH),J*™) (n + m = 5) using PBE found that as successive
hydroxides are added to uranyl’s first solvation shell the U-Oy
distance lengthened from 1.77 to 1.88 A, the U-O,, distance
increased from 2.49 to 2.80 A, while the U-Oqy distance
increased from 2.11 to 2.46 A.

There is little dynamic data on the presence of hydroxides in
the first solvation shell of uranyl. The computational investigation
of Austin et al'*® into [UO,(OH);]*~ used MD simulations to
obtain solvated uranyl hydroxide structures which were then
optimised using DFT with the BP86 and B3LYP functionals and
a continuum solvation model. This investigation found a U-Oy,
distance of 1.88 A and U-Oqy distance of 2.42 A. Biihl and
Schreckenbach'* used CPMD with an explicit 55 water molecule
solvent and an NH," counter ion and the BLYP functional to
examine the exchange of the axial and equatorial oxygen atoms in
[UO,(OH),J*". They found that the structure can be deprotonated to
form [UO;(OH);]*~ which then undergoes proton transfer via
cis-[UO,(OH),]*~ complex. The rate limiting step in the trans-
formation is the proton transfer which is assisted by a water
molecule from the solvent.

While there is broad consensus in the literature regarding
solvation structures of the ions in an aqueous environment, the
significant range of reported values for both Ca and Sr hydrates
suggests that the systematic study presented here will be a
valuable addition to the literature as well as provide an accurate
basis for the novel investigation of the hydrated ions in the
presence of hydroxide. The impact on the solvation environ-
ment of alkaline earth metals due to the presence of hydroxide
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is investigated here for the first time using AIMD methods, with
particular attention paid to identification and characterisation of
proton transfer events, along with their timescales and frequency.

2. Computational details

Born-Oppenheimer molecular dynamics simulations were per-
formed using the QUICKSTEP module of CP2K version 3.0 on
cells with periodic boundary conditions containing a single cation
and up to 64 water molecules, depending on the number of
hydroxide species present.'**'*> Temperature and pressure were
kept constant using a NPT _I ensemble, where the simulation cell is
isotropic with a 0.5 fs time step. Initial cubic cell parameters were
settoa=h=c=11.99 A, an average temperature T = 400 K was
maintained using a Nose-Hoover thermostat and a barostat
maintained pressure of 1 atm."®

The Gaussian Augmented Plane Wave method (GAPW)
was used for the calculation of forces and energies, which uses
a Gaussian basis set with augmented plane wave pseudo-
potentials.'”” The Perdew-Burke-Ernzerhof (PBE) generalised
gradient approximation'>® was used to calculate the exchange
correlation energy, in keeping with previous studies, including
the DFT-D2 dispersion correction as proposed by Grimme."*
Whilst the DFT-D3"%° correction by the same authors provides a
superior description of dispersion, this was not available in
CP2K in the earlier stages of this study. The calculations used a
double-{ polarization quality Gaussian basis sets (DZVP-MOLOPT-
SR-GTH) and a planewave cutoff of 500 Ry."*' The DFT+U
approach was taken for all calculations involving uranium with
an effective Uy = U — J value of 3.96 eV applied to the f orbitals.
The Uvalue of 4.5 eV and J value of 0.54 eV is in keeping with many
previous studies."*>™"*” Charge neutrality was achieved through the
use of a uniform neutralising background charge where required.

Each calculated trajectory was 20 ps long and was comprised
of 40000 steps, each of length 0.5 fs. The first 5 ps of each
trajectory was treated as an equilibration period, in keeping
with previous studies,*"%*10%19L1387140 a5 q was not considered
in subsequent analysis. It is worth noting that an alternative
approach of performing initial classical MD simulations in the
NPT ensemble using classical MD may lead to better equilibration.

These trajectories were analysed by considering only every
10th simulation step. Previous literature has analysed the change
in coordination number according to the “direct method”
proposed by Hofer and co-workers,"*" whereby the change in
coordination number is only recognised if it lasts longer than
0.5 ps. Our trajectories were analysed to consider changes in
coordination number which lasted longer than 0.1 ps in line with
our later analysis of proton dynamics. A comparison between
analyses conducted using 0.1 ps and 0.5 ps revealed negligible
differences.

In order to properly identify the first solvation shell for each
ion, a cut-off defining the radial extent of the shell was chosen.
Initial radial distribution functions (RDFs) were calculated to
obtain the peaks for the first shell M-O bond distances, and
the minima after this peak used to define the edge of the shell.
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This corresponded to a cutoff of 2.7, 3.0 and 3.2 A for Mg, Ca
and Sr respectively, approximately equal to first peak position
for each ion plus 0.6 A. In the case of uranyl, the equatorial U-O
peak was used, giving a cutoff of 3.0 A. These cutoffs were
employed in all subsequent calculations.

Evidence for the use of the parameters selected for these
simulations, including the RDFs for the aquo complexes are
given in Fig. S1-S5 of the ESL

3. Results and discussion

3.1. Characterisation of aquo complexes

For each ion, five 20 ps trajectories were simulated using
randomly selected DFT optimised initial geometries generated
from a 20 ps NPT_I 64 water molecule AIMD run, each ion was
added to the centre of the box and the snapshot optimised
before being used as the starting structure.

3.1.1 Hydration of Mg, Ca and Sr dications. In order to
assess the quality of the model, initial AIMD simulations focussed
on the hydration of Mg>*, Ca®* and Sr*". Previous similar AIMD
studies by Mehandzhyski®* and De Leeuw"' found a CN of 6 for
Mg with Mg-O distance of 2.10 A and 2.08 A, CN of 7 and 5.9 with
Ca-O distances of 2.45 A and 2.36 A, and CN of 8 and 6.7 with Sr-O
distances of 2.65 A and 2.6 A. Their methodology differed with
Mehandayski using BOMD with the BLYP functional, a DFT-D2
dispersion correction, and De Leeuw using PBE with no dispersion
correction.

Synthesizing RDFs for the entire 75 ps of our simulation
data, as shown in Fig. S5 of the ESL,{ yields M-O peak values of
2.10, 2.44 and 2.63 A for Mg, Ca and Sr, respectively. Table 1
summarises the calculated M-O bond lengths and metal coordina-
tion numbers for each simulation. As expected, we find an increase
in M-O separations from Mg to Sr, along with an increase in
coordination number. Our calculated M-O bond lengths are
slightly longer than experimentally reported values, however the
latter are defined by the M—-O RDF peaks.

The literature values, both experimental and computational,
for the Mg-O bond distance cluster around 2.12 A,>37:44:4%:58,142
in excellent agreement with the calculated value of 2.13 A.
Typical experimental values for the Ca-O distance cluster
around 2.45 A>%51°456143 i excellent agreement with our
calculated value of 2.44 A. Our calculated value also compares well
to other simulation data, which range from 2.35°” to 2.68 A.%

View Article Online
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Table 2 Percentage of time in which different coordination environments

are present, averaged over a total of 75 ps of simulation time for each
alkaline earth ion in a pure agueous environment

CN
Cation 5 6 7 8 9 10
Mgz+ 0.35 99.65 0.00 0.00 0.00 0.00
ca** 0.00 3.38 45.69 48.29 2.63 0.00
sr*t 0.00 0.23 14.09 69.57 15.28 0.83

Similarly, experimentally reported values of the Sr-O distance
cluster around 2.63 A,*”°%¢37014 a0qin in excellent agreement
with the value of 2.63 A obtained from our simulations.

Turning our attention to coordination numbers, our calcu-
lated values are, in all cases, within the range of values reported
experimentally. We see an increase in CN of 2 between Mg and
Sr and, interestingly, the largest variation in the value of Ca, as
evidenced by a standard deviation of 0.24 in our calculated
value. Analysis of the simulated trajectories allows for the
residence time associated with each coordination number to
be determined. Table 2 shows that Mg>" (which has the highest
charge density of the ions considered here) has, almost exclusively,
a coordination number of six. The small percentage of time at a
CN of 5 likely due to considering changes in coordination number
of longer than 0.1 ps (compared to the 0.5 ps of previous studies),
although it may be an artefact of the simulation approach taken.
Ca™ exists as the hepta- and octa-aquo complex for approximately
equal periods of time, indicating significant lability of the eighth
coordinating water molecule and explaining the large standard
deviation in the calculated coordination number. This eighth
water molecule is more easily accommodated by the larger Sr**
which, nonetheless, exists for significant periods of time with
coordination numbers of both seven and nine.

3.1.2 Hydration of uranyl. The calculated average U-Oy
and U-O bond lengths and equatorial coordination number are
summarised in Table 3 with the experimental and computa-
tional ranges given for reference. The experimental literature
data has a range of 0.06 A for the axial and 0.04 A for the
equatorial U-O bonds, while the computational literature data
differs by 0.15 A for the axial and 0.17 A for the equatorial
U-O bonds.

The calculated mean U-Oy; bond distances are longer than
those reported experimentally but fall in the middle of the
range given by computational literature, comparing excellently

Table 1 Calculated M-O separations (ru-o) and mean coordination numbers (CN) for each AIMD trajectory considered. Experimental values are

detailed in Table S1 of ESI

'v-o (A) CN

Trajectory Mg Ca Sr Mg Ca Sr

1 2.133 2.499 2.701 6.00 7.45 8.12

2 2.133 2.521 2.702 6.00 7.71 8.19

3 2.136 2.526 2.677 5.99 7.61 7.91

4 2.130 2.487 2.692 5.99 7.11 8.06

5 2.137 2.510 2.688 6.00 7.64 7.83
Mean 2.134 (0.023) 2.508 (0.017) 2.692 (0.009) 6.00 (0.01) 7.50 (0.24) 8.02 (0.14)
Expt 2.07-2.13 2.39-2.5 2.52-2.67 5.7-6 6-10 6-10
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Table 3 Calculated axial (U-Oy) and equatorial (U-Ocq) U-O bond
lengths, along with mean equatorial coordination numbers (CN) for each
AIMD trajectory run. Standard deviations are given in parentheses

U-0, U-0
Trajectory Tu-o, (A) Tu-o,, &) CN
1 1.809 2.417 5
2 1.806 2.420 5
3 1.806 2.416 5
4 1.804 2.422 5
5 1.806 2.420 5
Mean 1.806 (0.002) 2.419 (0.003) 5 (0.00)
Expt. 1.70-1.76 2.41-2.45 4.5-5.3
Comp. 1.70-1.85 2.36-2.53 4-5
20 T T T 7T 20
18} Fi 118
1
16} / 116
14} / 114
= 121 ,," 112 =
g 10} //' 110 g
> gt S 18 <
6f : 16
4r 14
2L i L
0 ' : : 0
1 4 5 6

riA

Fig. 1 Calculated U-O radial distribution function of uranyl in a pure
aqueous environment, averaged over 75 ps of simulation time.

with the CPMD*’ calculated value of 1.81 A. The mean U-O
bond length of 2.42 falls well within the computational literature
range of 2.36'2 to 2.53 A.°**” RDFs were generated for the entire
75 ps simulation time, as shown in Fig. 1. The RDF yielded peak
positions of 1.80 A and 2.39 A, clearly defining the axial and
equatorial U-O bond distances, respectively. These values are
in generally good agreement with the experimental data, with
most literature predominantly reporting U-Oy; distance of
1.76 A®1:828486 and U-O distance of 2.42 A 5»8¢88

In contrast to the data reported for the alkaline earth metals
reported in Table 2, no variation in coordination was found
in any of the uranyl simulation trajectories. The calculated
coordination number of 5 is an agreement with both experi-
mental and computational literature. While some studies®>*¢-1%
have reported a variation in the coordination number between
4 and 5 with a dominance of the latter, this was not found here.
The invariance of the coordination environment can be attributed
to the fact that, while uranyl is a dication, the uranium centre is
in the +6 oxidation state and so electrostatic interactions with
equatorial ligands is expected to be significantly stronger than
in the alkaline earths.

3.2 Characterisation of dihydroxide complexes

The agreement of the simulations reported in Section 3.1 with
both experiment and previous computational studies gave us
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confidence that our approach could be applied to the coordination
of alkaline earth ions by hydroxide. We have previously considered
this in the context of static DFT simulations'* but, to our knowl-
edge, this is the first dynamical quantum chemical study of
hydroxide complexation. Beyond the broad goal of characterising
the nature of hydrated hydroxide complexes in bulk environments,
our motivation here was to further investigate the recent finding of
a low barrier to proton transfer between the first and second
solvation shells of strontium dihydroxide complexes, along with
the apparent similar stabilities of complexes in which hydroxide
resides in the first and second solvation shells."®

To minimise bias with respect to initial conditions, we
trebled the number of trajectories calculated for the alkaline
earth aquo complexes discussed in Section 3.1.1. For each ion,
we considered five DFT-optimised starting structures in which
either zero, one or two hydroxide species were present in the
first solvation shell, giving a total of 15 starting structures. Each of
these was then used as the starting point for a BOMD simulation
and so, assuming a 5 ps equilibration time for each simulation, a
total of 225 ps of analysable simulation time was generated for
each ion in the study.

3.2.1 Dihydroxide complexes of the alkaline earths. Here
we consider how the coordination of hydrated hydroxide complexes
of alkaline earth metals compares to those of aquo complexes. We
have previously investigated this for strontium systems containing a
partially and fully occupied second solvation shell,"*'* finding a
decrease in total coordination number as hydroxide coordination
increases, but these simulations did not allow for migration of the
hydroxide species into the bulk.

M-O RDFs for each ion in a dihydroxide environment are
shown in Fig. 2. Peaks are found at 2.12 A, 2.41 A and 2.59 A for
the Mg-, Ca- and Sr-containing systems, respectively. These
values represent a slight increase in the size of the first solvation
shell for Mg, which manifests the strongest interaction with the
hydroxide species according to coordination numbers, and a
slight reduction for the other ions, where the interaction is
weaker. Table 4 summarises the calculated average M-O bond
lengths, the total and hydroxide CNs for each of the 15 trajectories
for each ion. The overall CN, hydroxide CN and bond lengths
averaged over 225 ps are also given.

The introduction of hydroxide ions appears to have had an
effect on the bonding in the first solvation shell. Compared to
the analysis of the aquo environments given in Section 3.1.1 the
average M-O bond length for Mg?* increased by ~0.02 A, while
the average bond length for Ca** and Sr** decreased by ~0.04 A
and 0.01 A, respectively. Comparing Tables 2 and 5, a moderate
reduction in mean coordination number of 0.07, 0.86 and 0.39
is found for the Mg, Ca and Sr ions, respectively. Again, the Ca
complex is found to exhibit the greatest lability, with comparable
time spent in 6-fold and 7-fold coordination environments. The Sr
complex, while showing a propensity for 8-fold coordination, also
spent significant time in a 7-fold environment.

Since the reduction in coordination numbers exhibited no
obvious trend we investigated the contribution to the coordination
number from the hydroxide species themselves. The hydroxide
ions in the system could be identified by an increased negative
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Fig. 2 Calculated M-O RDFs for rare earths in a dihydroxide environ-
ment, generated using a total of 225 ps of simulation time ion.

oxygen charge and this was used to track the species through
the simulation trajectories. Any substantial change in the
charge of the oxygen associated with the hydroxide was noted
as being potentially indicative of a proton transfer. Then, any
change in hydroxide oxygen charge which lasted for less than
0.1 ps was discarded, in order to eliminate ‘“proton rattling”
which occurs on the timescale of the Eigen/Zundel interconversion
(<0.1 ps)."** This value is roughly in line with the short bursts of
activity seen as part of the Grotthuss mechanism for proton
transfer through water,'”*%14¢14% Although further studies would
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be useful in order to eliminate all possibility of proton rattling, we
also note an absence of the proton returning to the original oxygen
within two successive PTEs.

Table 6 reports the hydroxide coordination numbers (CNoy)
and residence times for each ion. Interestingly, while the mean
value for Mg is very close to unity, the residence times demon-
strate that a simple view of a static complex with a single
hydroxide ion in the first solvation shell is incorrect: in fact,
this coordination environment was only present for approxi-
mately half of the simulation time. A similarly dynamic picture
was found for Ca. Here, a lower mean hydroxide coordination
number of 0.73 was found due to an increased simulation time
in which no hydroxide species coordinated the ion. A very low
hydroxide coordination number of 0.29 was found for Sr due
to the fact that this ion existed uncoordinated by hydroxide
for almost 75% of the simulation time, while simultaneous
coordination by both hydroxides was only found during 3% of
the simulation.

These data can be understood in terms of the reduced charge
density as the group 2 elements are descended and the strength
of the ionic interaction with both the water and hydroxide
species reduces correspondingly. For the charge-dense Mg”*
ion, one hydroxide is preferentially bound in the first coordination
sphere, replacing a water to approximately maintain the coordina-
tion number of the aquo complex. The Ca®* ion also preferentially
binds a single hydroxide, but its charge density is insufficient to
maintain the coordination number of 7.5 found for the aquo
complex, reducing by nearly one. Finally, the charge density of the
Sr** ion is sufficiently low that it is no longer strongly energetically
favourable for hydroxide to bind to the ion which therefore has a
coordination environment very similar to that of the aquo complex
and a correspondingly similar coordination number.

3.3 Uranyl dihydroxide complexes

It was originally intended that an analogous study of hydroxide
complexation would be carried out for uranyl, however attempts to
optimise initial structures in which the hydroxide species resided
outside of the first solvation shell of uranyl were unsuccessful,
resulting in proton migration from the first solvation shell to
generate two hydroxides directly coordinating the uranyl ion. Six
of these optimised structures were nonetheless used as starting
points for our AIMD simulations: each simulation generated a
20 ps trajectory, resulting in a total of 90 ps of analysable
trajectory time.

The total U-O RDF for the 90 ps simulation time is shown in
Fig. 3. In contrast to those of the alkaline earths, this RDF is
qualitatively different to that found for the aquo complex, with
three well defined peaks at a U-O separation of less than 3 A.
The peak at 1.83 A corresponds to the axial (U-Oy) bond
whereas the peaks at 2.21 A and 2.45 A correspond to interactions
with hydroxide (U-Oqy) and water (U-O,,) oxygens, respectively.
The calculated mean U-Oy;, U-O,, and U-Oqy bond lengths
and uranium equatorial coordination number are summarised
in Table 7. There is an increase of 0.24 A and 0.11 A in the U-Oy
and U-O,, bond lengths, respectively, reflecting the trend
reported by both Ingram et al.'*” and Cao et al."** The calculated
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Table 4 Calculated M-O separations (ru_o), total coordination numbers (CN) and hydroxide coordination numbers (CNoy) and accompanying standard

deviation (SD) for each AIMD trajectory (Traj.) considered in this study

v-o (A) CN CNox
Traj Mg ca** sr*t Mg Ca** Sr*t Mg Ca** sr*t
1 2.150 2.471 2.705 5.97 6.84 7.99 0.51 0.61 0.41
2 2.151 2.449 2.681 5.97 6.43 7.56 0.88 1.08 0.20
3 2.149 2.470 2.708 5.98 6.61 7.84 0.80 0.75 0.26
4 2.159 2.436 2.676 6.00 6.15 7.44 1.38 0.98 0.25
5 2.155 2.473 2.668 5.98 6.69 7.36 1.39 0.52 0.60
6 2.149 2.488 2.688 5.99 6.97 7.49 0.72 0.46 0.52
7 2.148 2.435 2.667 6.00 6.15 7.42 0.67 1.28 0.11
8 2.127 2.458 2.689 5.57 6.48 7.64 1.23 0.92 0.06
9 2.151 2.470 2.689 5.95 6.63 7.73 0.98 0.78 0.14
10 2.153 2.490 2.686 5.98 6.96 7.51 0.99 0.51 0.77
11 2.141 2.490 2.699 5.67 6.82 7.97 1.56 0.71 0.05
12 2.152 2.472 2.681 6.00 6.55 7.53 0.98 1.03 0.13
13 2.154 2.481 2.679 5.99 6.83 7.61 0.97 0.60 0.15
14 2.155 2.471 2.682 5.85 6.72 7.63 1.29 0.35 0.08
15 2.147 2.479 2.683 5.99 6.82 7.47 0.38 0.32 0.57
Mean (SD)  2.150 (0.008)  2.469 (0.018)  2.685 (0.012)  5.93 (0.13)  6.64 (0.26)  7.61 (0.19)  0.98 (0.34)  0.73 (0.28)  0.29 (0.23)
Table 5 Percentage of time in which different coordination environments 20 T T r T 20
are present, along with mean coordination number, averaged over a total 18} /" 118
of 225 ps of simulation for each alkaline earth ion. Standard deviations are 16+ '," 116
given in parentheses /
141 I 114
!
CN < 12t I," 112 ©
Cation 4 5 6 7 8 9 (CN) 910y 7 110 S
> gr 18 <

Mg2+ 0.13 6.54 93.33 0.00 0.00 0.00 593 (0.13) | || e g
ca** 0.00 021 41.29 5246  6.03 0.00 6.64 (0.26) 6r 16
Sr** 0.00 0.21 2.67 37.97 54.16 4.99 7.61 (0.19) 4+ 14

Al i — “

0 : : 0
Table 6 Percentage of time in which different hydroxide coordination 1 4 5 6

environments are present, along with mean coordination number,
averaged over a total of 225 ps of simulation for each alkaline earth ion.
Standard deviations are given in parentheses

CNon
Cation 0 1 2 (CNon)
Mg> 23.45 54.95 21.60 0.98 (0.34)
ca* 42.99 41.36 15.65 0.73 (0.28)
sr* 74.22 23.00 2.78 0.29 (0.23)

mean U-O,, and U-Opy bond length are 0.08 A and 0.07 A
longer, respectively, than those reported by Cao et al,"”* and
both are 0.07 A longer than those reported by Ingram et al.*'’
However, neither of these previous studies included explicit
water molecules beyond the first solvation shell, and relied on
continuum solvent models to model the long range interactions
of the water, which has been shown to impact the accuracy of
the first solvation shell in studies with uranyl in water.”"**>°
In three of these AIMD trajectories, there is migration of a
water molecule to the 2nd solvation shell, reducing the equatorial
coordination number to 4. Considering the 90 ps of simulation
data in its entirety, uranyl spent 69.18% of the time as a five-
coordinated species, and the remaining time four-coordinated.
The ion was coordinated by two hydroxide species for 99.77% of
the simulation time. Whilst the variation in total coordination
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Fig. 3 Calculated U-O RDF of uranyl in a dihydroxide environment,
averaged over 90 ps of simulation time.

Table 7 Mean U-O bond lengths and equatorial coordination numbers
for each AIMD simulation. Standard deviations are given in parentheses

Trajectory Tu-o, (A) Tu-o, (A) Tu-0gy (A) (CN) (CNop)
1 1.827 2.575 2.258 5.00 1.99
2 1.826 2.564 2.246 5.00 2.00
3 1.838 2.549 2.229 5.00 2.00
4 1.827 2.502 2.227 4.49 2.00
5 1.830 2.483 2.213 4.29 2.00
6 1.832 2.485 2.212 4.37 2.00
Mean 1.830 2.526 2.231 4.69 2.00
(0.005) (0.041) (0.018) (0.34)  (0.01)

number is broadly consistent with the alkaline earth data, the
invariance of the hydroxide coordination is again a manifestation
of the stronger electrostatic interactions with the hexavalent
uranium centre.

3.4 Dynamics of hydroxide coordination

The large standard deviations in hydroxide coordination number
of the alkaline earths provide further evidence of the dynamic
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nature of hydroxide coordination in these complexes. To investi-
gate this further, we explicitly evaluated the total and hydroxide
coordination numbers throughout each trajectory in order to under-
stand and characterise any fluctuations found. Representative
examples of trajectories analysed in this manner for each ion
are presented in Fig. 4 and the remainder can be found in
Fig. S6-S14 of the ESL}
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Fig. 4 Total (dotted red) and hydroxide (solid blue) coordination numbers
and proton transfer events (A: 1st shell - 2nd shell, V: 2nd shell — 1st
shell, O: intrashell) of representative AIMD simulations.
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The solid blue and dotted red lines in Fig. 4 indicate the
hydroxide and total coordination numbers, respectively, showing
significant variation in both during the course of the simulation,
particularly for the larger Ca** and Sr** ions. The variation in total
coordination bears a degree of anticorrelation with the hydroxide
coordination, with higher values tending to be found when
hydroxide coordination is low, as might be expected based on
the comparison of coordination numbers above. There are
numerous points in each simulation, however, where hydroxide
coordination changes without any change in total coordination,
which is indicative of a proton transfer event (PTE). Mulliken
charges were evaluated at each timestep in the simulation. This
allowed to us to identify when a proton transfer event occurred
and, furthermore, to determine whether this event corre-
sponded to proton transfer from the first to second solvation
shell (A), second to first solvation shell (V), or within one shell
(O). This data is also presented in Fig. 4, with the position of
each symbol indicating the distance between the ion and the
oxygen in the water molecule donating the proton. In almost all
cases, the change in hydroxide coordination is accompanied by
a PTE indicating that the vast majority of the dynamics of the
coordination environment is due to PTEs trajectories of each
alkaline earth ion. The dashed black line indicates the first
solvation shell cutoff distance.

The total number of PTEs found during the simulations is
summarised in Table 8. There is a significant increase in the
number of PTEs as the group 2 elements are descended, however
this increase is not reflected in the number of PTE involving a 1st
shell species. In fact, the number of intrashell PTEs in the first
solvation shell significantly decreases, although this should be
interpreted in the context of the lower probability of finding direct
coordination by hydroxide to the larger ions (see Table 6).

For the alkaline earths considered here the number of PTEs
involving transfer into the first solvation shell is approximately
equal to the number involving transfer out of the first shell, as
would be expected if there was no bias in the starting configura-
tions. The total number of PTEs with this character also drops with
increasing ion size and this decrease should again be interpreted in
the context of the data presented in Table 6.

Only intrashell PTEs outside of the first solvation shell follow
the overall increase reported in Table 8. This can, in part, be
attributed to the increased number of hydroxide species outside of
the first solvation shell as the group 2 elements are descended but
this fails to explain the corresponding increase in the total number
of PTEs. Hellstrom and Behler have demonstrated that proton
transfer from water molecules directly coordinating a Na* ion is

Table 8 Number and character of proton transfer events, obtained from
225 ps of simulation data for each alkaline earth ion considered in this
study. Percentage values are given in parentheses

PTE
Cation 1st-1st (O) 1st-2nd (A) 2nd-1st (V) 2nd-2nd (O) Total
Mg® 15 (4) 77 (24) 79 (24) 155 (48) 326
ca®t  9(2) 80 (22) 82 (22) 200 (54) 371
s 6 (1) 59 (14) 55 (13) 306 (72) 426
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less likely than that from a bulk water molecule due to an
increased energetic barrier to donation in the former and, more
generally, that proton transfer is affected by modulation of the
hydrogen-bonding environment of the proton donor.’* We
suggest that a similar argument may hold here. As shown in
Fig. 4, the Mg”" ion structures water into well-defined first and
second solvation shells, in which the number of hydrogen
bonds is maximised, more effectively than either Ca*" or Sr**.
Analogously to the argument above, it would appear that this
ordering suppresses proton transfer events, which therefore
become more likely for the less charge dense ions. Summarising,
we find that, on average, PTEs occur every 0.7, 0.6 and 0.5 ps, in
the Mg-, Ca- and Sr-containing systems, respectively.

The results of the uranyl dihydoxide simulations provide a
stark contrast to those discussed above: in the entire 90 ps
simulation time, only a pair of intershell PTEs were identified: a
proton migrated from the 2nd shell into the 1st shell, reducing
the hydroxide coordination number to 1. This proton then
transferred back out before one from an adjacent water molecule
migrated in. The entire process took ~ 0.2 ps. The trajectory analysis
plots for all 6 trajectories can be found in Fig. S15 of the ESL}

The almost complete absence of PTEs, with uranyl coordi-
nated by both hydroxides species for the vast majority of the
trajectory time again indicates the increased strength of the
U-Opp bond in comparison to the M-Oqy; bonds of the alkaline
earth. In the latter, we found that the number of PTEs identified
inside the first solvation shell was less than the number identified
outside. As the uranyl ion is only coordinated by less than 2
hydroxides for a very brief period, the opportunity for intrashell
PTEs is almost entirely eliminated.

3.5 Relative energetics of strontium hydroxides

Recently, we reported static DFT simulations of strontium hydro-
xides using the meta-GGA TPSS exchange-correlation functional,
finding that the most stable complex in which both hydroxide
species resided in the first solvation shell lay just 3.0 k] mol "
higher in energy than that in which only one hydroxide directly
coordinated the Sr** ion. These simulations employed 22 water
molecules to explicitly represent the first and second hydration
shells of the ion, with the effects of the bulk solvent approximated
using the COSMO continuum solvation model. We were interested
in establishing if this energy difference could be replicated here
with our more realistic description of solvation and so optimised
analogous complexes, obtained from snapshots from our dynamic
simulations, with appropriate coordination environments. In
order to ensure that calculated energies could be directly com-
pared, we fixed the size of the simulation cell to be 11.99 A in
both. We found the complex in which both hydroxides resided in
the first solvation shell to be 3.1 k] mol ™" less stable than that in
which only one hydroxide coordinated the ion, in excellent
agreement with our previous study.

4. Summary and conclusions

We have reported the results of ab initio molecular dynamics
(AIMD) simulations of the Mg**, Ca*>, Sr** and UO,>" ions in
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either a pure aquo environment or an environment containing
two hydroxide ions.

Mean coordination numbers of the first solvation shell
coordinated numbers were calculated, and for systems contain-
ing hydroxide species, mean hydroxide coordination was also
evaluated. The M-O bond lengths in the first solvation shell of
the aquo systems compared very well to existing experimental
and computational literature, with bond lengths well within
values measured previously and coordination numbers in line
with previously calculated values. The expected increase in both
average bond length and coordination number was identified
when descending the alkaline earths from Mg>" to Sr*".

The accuracy of the results obtained for the aquo complexes
gave us confidence in applying the methodology to systems
additionally containing hydroxide ions. The addition of hydroxide
increased bond lengths in all cases, as previously identified
through DFT and AIMD calculations. A reduction in coordination
number was also found when two hydroxides were present in
the system.

A robust analysis for the hydroxide dynamics in the simulation
box over the timescale of an AIMD trajectory was presented and
this analysis allowed for the identification of proton transfer events
(PTEs) in the dihydroxide systems. PTEs were found to be most
prevalent in the strontium hydroxide systems, likely due to the low
charge density of the ion and the consequent lack of hydroxide
coordination. For all alkaline earths, intrashell PTEs which
occurred outside of the first solvation shell were most prevalent,
with the numbers of transfers from the first to second shell and vice
versa approximately equal. This corroborates the Hellstrom and
Behler'™" study which, although using a different methodology, also
identified PTEs as most likely to occur away from the ion. Only three
PTEs events were identified in the entire simulation data of
uranium dihydroxide systems, indicating the clear impact of the
increased charge density of the hexavalent uranium ion on the
strength of metal-oxygen bonds in aqueous solution. This can
be seen as an extreme of the trend found in the alkaline earths,
where systems containing the more charge dense Mg>" ion were
found to have significantly less PTEs than those containing the
less charge dense Sr**.

The results presented here demonstrate that AIMD simulations
are able to produce quantitatively accurate structural data for
solvated ions and that, with careful analysis, detailed dynamical
information can also be extracted, giving highly resolved data
regarding the nature of chemical interactions in these systems.
Future research efforts will focus on the effects of more com-
plicated ligand environments, along with the energetics and
dynamics of ion-surface interactions. In particular, we aim to
investigate if and how the frequency of PTEs relates to the ion-
surface interactions strength and whether this correlates with
experimental data such as the mineral saturation index or
dissolution/precipitation kinetics.
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