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ABSTRACT: Ab initio molecular dynamics simulations at 300 K, based on
density functional theory, are performed to study the hydration shell
geometries, solvent dipole, and first hydrolysis reaction of the uranium(IV)
(U*) and uranyl(V) (UO,") ions in aqueous solution. The solvent dipole and
first hydrolysis reaction of aqueous uranyl(VI) (UO,*") are also probed. The
first shell of U* is coordinated by 8—9 water ligands, with an average U—O
distance of 2.42 A. The average first shell coordination number and distance
are in agreement with experimental estimates of 8—11 and 2.40—2.44 A,
respectively. The simulated EXAFS of U* matches well with recent
experimental data. The first shell of UO," is coordinated by five water ligands
in the equatorial plane, with the average U=0,, and U-O distances being

1.85 A and 2.54 A, respectively. Overall, the hydration shell structure of UO," closely matches that of UO,*", except for small
expansions in the average U=0,, and U—O distances. Each ion strongly polarizes their respective first-shell water ligands. The
computed acidity constants (pK,) of U*" and UO,*" are 0.93 and 4.95, in good agreement with the experimental values of 0.54
and 5.24, respectively. The predicted pK, value of UO," is 8.5.

1. INTRODUCTION

Although U(VI) (UO,*") is the most common uranium species
in the environment, aqueous U(V) (UO,*(aq)) and U(IV)
(U*(aq)) species may be important constituents of toxic
uranjum waste under strongly reducing conditions that are
often present in deep geological repositories. Studies on the
remediation of uranium-containing actinide waste have been
largely focused on exploiting the vast differences in solubility
between the soluble, mobile, U(VI) oxidation state and the less-
soluble, less-mobile, reduced U(IV) oxidation state (UO,(s))."
The reduction of U(VI) to U(IV) s&)ecies has been shown to be
driven by microbial organisms,z_1 mineral surfaces,"' ™" and
photochemical processes.'®™*® The first step in the reduction of
aqueous UO,*" is generally thought to be a fast one-electron
reduction reaction,

e + U022+(aq) = U02+(aq)

resulting in a UO,*(aq) intermediate. This is then followed by
disproportionation to U(IV) and U(VI) species. However,
U(V) can be stabilized by various organic ligands or in
concentrated aqueous carbonate solutions and nonaqueous
solutions.”**° Unfortunately, experiments have not searched
for, nor identified, U(V) under environmentally relevant
conditions, since the disproportionation reaction is assumed
to render U(V) insignificant. It is also possible that, under
strongly reducing conditions, U(V) might never be produced,
because aqueous U(IV) species could be formed by a direct 2e~
transfer to U(VI). Nevertheless, the recent discovery that U(V)
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can be a high proportion of U incorporated in solid phases
under a broad range of environmentally relevant conditions' ">
suggests that UO,*(aq) may form a non-negligible percentage
of aqueous U over a wider range of Eh and pH than previously
considered. Consequently, a more thorough understanding of
UO,"(aq) and U*(aq) is not only of fundamental interest but
is potentially relevant to determining the fate and transport of
U in the environment.

The solvent shell properties of UO,*" in various aqueous
environments have been extensively studied both theoretically
and experimentally (see Nichols et al.** and the references
therein for past theoretical and experimental studies on
UO,?*(aq)). The solvent shell structure of UO," is thought
to be similar to UO,", but there are no published experimental
data. Experimental data also indicates that UO,*" is a fairly
weak acid in aqueous solution (pK, values are 5.24 + 025,
5.58 + 0.24>*), whereas the acidity of UO," in aqueous solution
is unknown. Only a few experimental studies have been
published on structurally similar XO," ions (X denotes an
actinide metal): an extended X-ray absorption fine spectra
(EXAFS) study of aqueous NpO,*** and X-ray absorption near
edge structure (XANES) studies of aqueous PuO,****” These
studies suggest that the first shell of NpO," contains five water
ligands in the equatorial plane (similar to the first shell
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structure of UO,>"), while the first shell of PuO," contains four
ligands in the equatorial plane.

There is a fair amount of theoretical gas-phase predictions on
the geometries of UO," and [UO,(OH,);]*.**™* Calculations
on bare UO," predicted the axial bond distance, U=0,,, to be
1.77—-1.78 A at the CASSCF/CASPT?2 level of theory,38 and
1.76—1.81 A wusing relativistic density functional theory
(DFT).***** The predicted U=0,, and U-O,, (equatorial)
distances in [UO,(OH,)s]" are 1.81—1.89 A and 2.44—2.62 A,
respectively, at the relativistic density functional theory (DFT)
level of theory,3’9’40’42 and 1.81 A and 2.51 A, respectively, at the
unrestricted second-order Moller—Plesset (UMP2) level of
theory.*' Using [UO,(OH,);]*(OH,) in a polarizable con-
tinuum model (PCM) solvent and Hartree—Fock (HF) level of
theory, the water exchange mechanism was predicted to be
dissociative with an activation energy of 36 kJ/mol, and the
U=0,, and U-0O,, distances were 1.78 A and 262 A,
respectively.** A HF quantum mechanical/molecular mechanics
(QM/MM) simulation of fully solvated UO," predicted a first-
shell coordination number of 4, and U=O0,, and U-O,
distances of 1.78 A and 2.51 A, respectively.*®

Possible first-shell coordination numbers of aqueous U*
measured in experiments range from 8 to 11.%67% Large-angle
X-ray scattering (LAXS) studies on the coordination shell
structure of U*" in aqueous solution indicated that the first
coordination number is 8.2 + 0.4.***” EXAFS studies of U* in
1.5 M HCIO, acid yielded a first-shell coordination number of
10 + 1.** A more recent EXAFS study of U* in 1 M HCIO,
acid yielded a first-shell coordination number of 9-10.*
Relativistic DFT calculations on [U(OH,),]* (n = 8, 9, 10)
gas-phase clusters yielded the most stable hydrate to be
[U(OH,),]* with a trigonal tricapped prism (TTP) water
geometry and an average U—O bond distance of 2.49 A.>°
Calculations of the U Ly-edge XANES of [U(OH,),]* (n =8,
9, 10) clusters showed that the spectra of [U(OH,),]*, with
the water molecules arranged in a TTP geometry, yielded the
best match with the experiment.”’ HE—QM/MM simulation of
U*(aq) predicted a first-shell coordination of 9 and average
U-O distance of 2.45 A.>> Experimental studies have shown
that U* is a strong acid in solution with a first acidity constant
of 0.54 + 0.06.%

The most reliable route to accurate predictive modeling of
strongly interacting systems such as charged actinide ions and
molecules in solution is a direct simulation at the molecular
level with no adjustable parameters (i.e., ab initio modeling). In
this paper, ab initio molecular dynamics (AIMD) simulations
have been used to (i) determine the hydration shell geometries
of U* and UO," and (ii) compute the solvent dipole moments
and first acidity constants of U*, UO,*, and UO,*. AIMD
simulations of the hydration-shell geometry of UO,**(aq) has
been carried out in a previous study’> and will be used here for
the purposes of comparison to UO,*(aq). The remainder of the
article is organized as follows. First, the computational
methodology used in this work is described. Then, the results
of the simulations and a discussion of the coordination shell
geometry, EXAFS, dipole moments of the solvating water
molecules, and the first hydrolysis mechanisms are presented;
the results are compared to available theoretical and
experimental data. Finally, a summary and conclusions of the
work are presented.
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2. COMPUTATIONAL METHODS

2.1. AIMD Simulations. Car—Parrinello molecular dynamics
(CPMD)* simulations in the canonical ensemble at 300 K were
performed for UO," and U*, usin% the pseudo-potential plane-wave
density functional theory (DFT)** module implemented in the
NWChem code.>® Each simulation employed 1 ion and 64 water
molecules in a periodic cubic cell 12.4 A in length (water density ~ 1
g/cm®). The charges on the metal centers were compensated with
uniform background charges of opposite sign and equal magnitude.
The Perdew—Burke—Ernzerhof (PBE) generalized gradient approx-
imation®® to the exchange-correlation functional was employed.
Electron-ion interactions were treated with norm-conserving pseudo-
potentials modified into a separable form due to Kleinman and
Bylander.”” Hamann-type pseudo-potentials®**® were employed for
hydrogen and oxygen, and Troullier—Martins® pseudo-potentials
were employed for uranium. The details of the pseudo-potentials have
been described elsewhere.*> The Kohn—Sham wave functions and
charge density were expanded using plane waves basis up to a kinetic
energy cutoffs of 120 and 240 Ry, respectively. The I'(k = 0 point was
used to sample the Brillouin zone in all simulations. The temperature
was controlled using the Nose—Hoover thermostat.®** To facilitate
the numerical integration, the H atoms were replaced with deuterium
(D). A fictitious electronic mass of 600 au and a simulation time step
of 6t = S au (0.121 fs) were employed. Each system was initially
equilibrated for 8 ps using a QM/MM potential,®® followed by a
further CPMD equilibration for 3 ps. Configurations from the post-
equilibration CPMD simulations were saved at time intervals of 106t.
The total collection times were 17 0005t (20.6 ps) for UO,"(aq) and
18 0005t (21.8 ps) for U*(aq).

2.2. Metadynamics Simulations. To compute the first hydrolysis
constant, the free energy (AF) of hydrolysis is required. Common
approaches to computing AF are the free-energy perturbation
method,®* thermodynamic integration,“'66 umbrella sampling,67 and
metadynamics.®*~’° We employed ab initio metadynamics to compute
AF at 300 K for UO,"(aq), UO,**(aq), and U*(aq). If the simulated
hydrolysis constant of UO,?*(aq) matches well with the experiment,
then we will deem the predicted result for UO,*(aq) to be reliable.

Metadynamics®®*~7° is a nonequilibrium molecular dynamics
method that accelerates the sampling of the multidimensional free-
energy surfaces of chemical reactions on a short-to-moderate
simulation time scale. The accelerated sampling is achieved by adding
an external history (that is, time-dependent) bias potential, which is a
function of the collective variables (2) to the Hamiltonian of the
system. E is a generic function of the system coordinates (e.g., bond
distance, bond angle, etc.) that can distinguish between reactants and
products and can sample the low-energy reaction paths. The history
potential is adaptively added to the Hamiltonian by “flooding” the
energy landscape with repulsive Gaussian “hills” centered on the
current location of Z at a constant time interval of 7;. Suppose that
prior to any time ¢ during a metadynamics simulation, M repulsive
Gaussians centered on E, are deposited along the trajectory of = at
times t' = 7¢, 27, .., Mtg. The history potential V(&t), at an arbitrary
value &, of E at time ¢ then is given by

=2
e — =,
V(E, 1) = > Hg exp[izt]
t/ZTG,ZTG, 2w
t<t (1)

where Hg and  are, respectively, the height and width of the Gaussian
hill. The accumulation of the history potential low-energy regions
allows the system to cross energy barriers much more quickly,
effectively encouraging the system to explore new regions of E.

The basic assumption of metadynamics is that, after a sufficiently
long time, V(&,t) cancels the underlying free energy surface F(£) along

=

F(€) ~ — lim V(& t) + constant
t—+00
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Using the metadynamics estimates for AF, the acid dissociation
constant (pK,) is computed using the standard definition

AF

K:*
P = 10

()
Here, the collective variable that we employ to describe the
deprotonation of a first-shell water is the coordination number, &(I
roul), of a specific first-shell water oxygen atom (Oy), with respect to
all protons:”*

Nu

Elrou) = ),

i=1

1
1+ exp[K(erIHil — feur)]

4)

where Ny is the total number of protons, 7, the O—H cutoff distance,
and x an arbitrary positive constant chosen to reproduce the
equilibrium coordination number (see the Supporting Information
for the rationale for our choice of this collective variable).

Starting with equilibrated CPMD geometries of UO,"(aq),
UO,**(aq), and U*(aq), the metadynamics simulations were carried
out at 300 K with H; = 0.0001 au (0.063 kcal/mol), @ = 0.1/(2'2), k
=10 A7, and ., = 1.38 A. For U"(aq), 75 = 1008t; for UO,**(aq)
and UO,*(aq), 7 = 206t [ is smaller for UO,**(aq) and UO,*(aq),
since their deprotonation energies are expected to be greater than that

of U"(aq)].

3. RESULTS AND DISCUSSION

3.1. Hydration Shell Structure. UO,*(aqg). In the top
panel of Figure 1, the radial distribution function (RDF) and
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Figure 1. Partial U—O radial distribution function (RDF) gU—O(r)
and running coordination number ny_o(r) for UO,* (aq) (upper

panel) and U*(aq) (lower panel).

running coordination numbers of UO," are shown. Well-
defined and isolated peaks in the RDF can be seen in the 1.5—
2.0 A range for the U=0,, molecular bonds, and in the 2.2—
3.0 A range for the first hydration shell. Table 1 lists the
structural properties of the hydration shell of UO,". For the
purposes of comparison, past experimental and theoretical data
for the first shell of AnO," (An = U, Np, Pu) and UO,** (ref
32) are also reported in Table 1. Our first-principles
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simulations indicate that the first shell of UO,* has five water
molecules in the equatorial plane (cf. Figure 2), in contrast to
the QM/MM prediction of 4.*° Our predicted U=0,, distance
is very close to previous measurements of other actinyl(V) ions
(NpO," and PuO,") and are greater than the previous
predicted value® by 0.07 A (cf. Table 1). Also, our average
first-shell U-O,, bond distance is slightly longer than the
previous simulated value,* which is expected since the first
shell of our simulation contains more water ligands. Previous
gas-phase_structures exhibit slightly longer U-O,, bonds as
expected.*”*¥** Relative to UO,>*(aq),”” UO,"(aq) shows a
lengthening of 0.08 A and 0.1 A for the U=0,, and U-0,
bonds, respectively, because of reduced electrostatic attraction.
Other first-shell properties of UO," and UO,*, such as the
intramolecular water geometry and tilt angles, compare closely.

Figure 1 shows a well-defined second shell in the 3.5—5.2 A
range for UO,"(aq) with an average U—Oy; distance of 4.55 A.
HF-QM/MM simulation of UO,"(aq) did not yield a well-
defined second-shell structure, and the average U—Oy; distance
was not reported.”> The data in Table 2 indicates that the
second shell of UO," contains an average of 15.4 ligands, which
is much larger than the QM/MM value of 12.4." The second
solvation shell is further characterized by quantifying the water
populations in the equatorial and apical regions (cf. Table 2).
The equatorial region consists of second-shell water molecules
that form acceptor hydrogen bonds with first-shell water
donors, while the remaining second-shell waters form the apical
region. There are 8—9 water molecules in the equatorial region,
which compares closely to the value of 9—10 from the AIMD
simulation of UO,**(aq).** There are 6—7 waters molecules in
the apical region, 4 of which form donor hydrogen bonds with
the 2 O,, acceptor atoms (2 hydrogen bonds per O,,). In fact,
the average values of Zoyo, angle and Rg_o, reported in

Table 2 are indicative of a well-defined hydrogen bonding
network between the first and second hydration shells.

A visual description of the hydrogen bonding between the
first and second solvent shells of UO," is presented in Figure 2.
The hydrogen bonds between the five first-shell waters and
nine equatorial second-shell waters can clearly be seen. Also
depicted are the hydrogen bonds formed between four apical
second-shell waters and the two axial oxygens (solid black
bonds). The remaining apical second-shell waters form
hydrogen bonds with either the equatorial second-shell or
bulk waters. These features are consistent with the results of
AIMD simulations of the hydration shell structure of UO,**.*
However, our result, that there are two hydrogen bonds per
axial oxygen, contradicts QM/MM simulations that found only
one hydrogen bond per axial oxygen.*> The computed mean
residence times of water in the equatorial and apical second
shells were 17.4 and 8.9 ps, respectively (based on a minimum
survival time of £* = 0.5 ps), implying that the equatorial region
is more stable than the apical region. The large average tilt
angle of ~35° (see Table 1) indicates a tetrahedral character in
the hydrogen bonding network near the first shell (see the
Supporting Information for detailed analysis of the hydrogen
bonding network).

U**(aq). In the lower panel of Figure 1, the RDF and
running coordination number of U*(aq) are depicted. The first
and second hydration shell parameters are reported in Table 3.
The first-shell coordination number is 9 for the first 15.2 ps
(this corresponds to a frequency of 70%) and 8 for the
remaining 6.4 ps (with a frequency of 30%), resulting in an
average first-shell coordination number of 8.7, which lies on the
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Table 1. Average First Hydration Shell Parameters of AnO,* (An = U, Np, Pu) and UO,*" in Aqueous Solution and Gas Phase

ref(s) Ni,o® Ryn-o,, (A)b 2o, an0,, (deg)” Run-o,, (A)d Ro,-n (A)° Zuo,H (deg)f Zy (deg)®

UO," (ag)" this work s 1.85 174 2.54 0.97 106.6 34.9
UO," (aq) (QM/MM) 45 4 178 177 2.51

[UO,(H,0),]* 39 5 1.81 2.62

[UO,(H,0),]* 40 5 1.82—1.83 2.57-2.62

[UO,(H,0),]* ) 5 1.82 2.56—2.58

[UO,(H,0)s]* (H,0) 44 S 1.78 2.62

NpO,* (aq) (EXAFS) 35 5 1.85 2.51

PuO," (aq) (XANES) 36, 37 4 1.84 245

U0, (aq) 32 5 1.77 174 2.44 0.98 107.6 32.9

“Number of water molecules in the first coordination shell. ?An=0,, bond distance, where O, denotes an axial O atom bonded to An. ‘O, =An=0,,

bond angle. 9An—Oeq bond distance, where “eq” denotes a first shell water in the equatorial plane of UO,". O

eq—H bond distance. 7] H-O,—H

bond angle. £Tilt angle of first-shell water molecules, with respect to the An—O bonds, computed as Z, = cos™'{(Ry_y* — RU,OCq2 - Rocq,Hz) /
[ZRU—ochocq—H cos(60/2)]}, where 0 = Zyo, - " First-shell parameters were based on a cutoff of Ry, o < 3.5 A.

i'mumum ; /
v

Figure 2. Snapshot of the first shell (partially clothed region) and
second shell of UO,* (aq). Legend: The first shell oxygens are colored
red, the equatorial second shell oxygens are colored orange, and the
apical second shell oxygens are colored yellow; the black bonds denote
the hydrogen bonds between axial oxygens O,, and the apical second
shell waters.

low end of the experimental range of 8—11.*"* Our reported
value is less than the value of 9 from a 9-ps QM/MM
simulation.”” Based on the experimental mean residence time of
a first-shell water molecule of U*(aq), which was determined
to be 170—210 ns,’* it is highly likely the first-shell
coordination number in our simulation will stay at 8 if the
simulation is allowed to proceed for long times (several
picoseconds to nanoseconds). Hence, the initial coordination
number of 9 is probably a metastable state. The under-
estimation of the first-shell coordination number of actinide
ions appears to be a generic problem with DFT-GGA. For
example, experiments predict a coordination number of several
trivalent actinide ions to be 9 while DFT-GGA predicts 8 (see,
for example, Wiebke et al.”> and Atta-Fynn et al.”*). While the

simulations employed no perchlorate counter-anions, it is
possible that their inclusion could alter the equilibrium
coordination number.”® It should also be pointed out that the
error margin in the EXAFS determination of the first-shell
coordination number is +10%—15%; hence, our coordination
number lies well within the experimental limits. Furthermore,
DFT-GGA methods are known to overestimate bond lengths in
actinide compounds.”® The average U—O bond distance is
consistent with the QM/MM value 2 but slightly overestimated
by 0.03—0.05 A, compared to the experimental values.

The average geometric arrangement of the first-shell water
molecules around U*" can be deduced by comparing the
simulated average O—U—O angular distribution function
(ADF) to ideal (crystalline) 8-fold and 9-fold coordinated
hydrates. Our comparisons indicated that the dominant
simulated [U(OH,)s]*" geometry is square antiprismatic
(SAP), while the dominant [U(OH,),]* geometry is tricapped
trigonal prism (TTP). The results are shown in Figure 3. In the
top panel, the average ADF of the simulated [U(OH,)3]*" and
[U(OH,)s]*" geometries are compared to an ideal SAP; in the
lower panel, comparisons have been made to an ideal TTP. The
agreements can be seen in the match in the peak positions. The
TTP geometry of [U(OH,),]*" predicted here is in accordance
with QM/MM results.>> Note that, in both graphs, the peaks in
the 90°—120° range are not clearly reproduced, because of
severe geometrical distortions stemming from thermal effects.
In Figures 4a and 4b, respective representative snapshots of
distorted TTP and SAP geometries from the simulations are
depicted. These geometries have been observed in lanthanide
and other actinide ions”’ (see also Atta-Fynn et al.”* for a
description of the geometries).

The average second-shell coordination number of U*(aq) is
15.2 (see Table 3), which is less than the QM/MM value of
1952 As a result, the average QM/MM second shell U-O
distance is 0.15 A longer than our AIMD value. The average

Table 2. Average Second Hydration Shell Parameters of UO,* and UO,*" in Aqueous Solution®

Entire Shell

Equatorial Shell Apical Shell

ref Nio RU—oub (A)  Ro-o," (A)  Zomo, (deg)
UO," (ag)?  thiswork 154 455 2.84 161.8
UO,"(aq) 45 124
UO0?(aq) 32 14.8 445 272 163.5

Nyo Ry, (A)  Rooo, (4) Nuo  Ruo,(A) Roo, (A)
8.5 457 2.81 69 453 3.06
97 445 271 5.1 443 2.88

“Defintion of parameters is the same as in Table 1. “Subscript II denotes a second-shell oxygen. “Subscript I denotes a first-shell oxygen. 9Second-

shell parameters were based on a cutoff of 3.5 A < Ry_o, < 5.2 A.
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Table 3. Average First and Second Hydration Shell Parameters of U*" in Aqueous Solution”

First-Shell Parameters?

ref(s) method Nu,0 Ry_o, (A)° Ry_y, A) Ro-g, (A) Zyom, (deg) Zg (deg)
this work 8.7¢ 245 3.09 0.98 106.4 24.6
52 QM/MM 9 245 3.14
47 LAXS 7.8—8.6 2.44
48, 49 EXAFS 9—11 (ref 48), 9—10 (ref 49) 242 (ref 48), 2.40 (ref 49)
Second-Shell Parameters®
ref method Ny,o Ry_o, &y Ry_y, (A) Roo, (&) Zomo, (deg)
this work 15.2 4.65 5.04 2.81 161.8
52 QM/MM 19 4.80

“Definition of parameters is the same as that given in Table 1. First-shell parameters were based on a cutoff of Ry_o, < 3.5 A. “Subscript I denotes a
first-shell water molecule. “Estimated from the U~H RDF by Frick et al.>* Second-shell parameters were based on a cutoff of 3.5 A < Ry_o, <52

A Subscript II denotes a second-shell water molecule.

— Simulation [U(OH,),]"
— Simulation [U(OH,),]""
1k I Crystalline SAP [U(OH,),]"
0.5k
0 1

1
100 120 140 160

Crystalline TTP [U(OH,),]""

60 80

Bond angle distribution

1 3
140

1
120
oo ©)

1
060" 80

100
0

160

Figure 3. Comparison of the average O—U*—0O angular distribution
function (ADF) for 8-fold ([U(OH,)s]*") and 9-fold coordinated
([U(OH,)s)*) first shells to ideal crystalline hydrates.

Figure 4. Representative first-shell geometry of U*(aq): (a) 9-fold
trigonal tricapped prismatic (TTP) water geometry and (b) 8-fold
square antiprismatic (SAP) water geometry.

values of 162° and 2.81 A for the Zgy 0, angle and Ry _o,
distance, respectively, are signatures of a well-defined hydrogen
bonding network between the first and second hydration shells.
Hydrogen bonding analysis indicated that the first-shell waters
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of U**(aq) are trigonally bound to the second-shell waters; that
is, the first-shell water act mainly as donors to the second-shell
water (see the Supporting Information for additional
discussions). The trigonal behavior stems from the relatively
small tilt angles (~25° in Table 3) of the first-shell water
molecules.

3.2. EXAFS. Often, in the theoretical modeling of ions in
aqueous solution, the average geometric quantities (coordina-
tion numbers, bond distances, and angles) are used to
determine the agreement between theory and experiment. In
some cases, however, this is may not be sufficient to fully
validate the reliability of the model. Here, we go a step further
by comparing a key structural property—namely, the EXAFS—
of our simulated models to available experimental data. The U
Ly-edge EXAFS is computed using FEFF9 ab initio multiple
scattering code,”®”” and the molecular dynamics EXAFS (MD-
EXAFS) method® (see the Supporting Information for a
description of the method).

UO3(aq). There is no experimental EXAFS data for UO,";
therefore, the simulated EXAFS is a prediction that could be
useful to experimentalists. It has been shown elsewhere, using
the MD-EXAFS method, that the spectra of UO,** from
AIMD?? agrees well with recent experimental data.*® In Figure
S, the K’y(k) of UO," (top panel), and the magnitude of
Fourier transform of ky(k) (bottom panel) are depicted (phase-
shift corrections were not included in the radial distances).
There is a stark similarity between the UO," EXAFS and the
reported theoretical and experimental spectra for
UO,**(aq).>>*® This is obviously due to the similarities in
coordination shell geometries and RDFs.

U*(aq). In Figure 6, plots of the simulated k’y(k) EXAFS
(top panel) and [¥(R)l (bottom panel) are depicted and
compared with recent experimental data for 0.05 M U* in a 1
M HCIO, solution.*’ As can be seen in the top panel in Figure
6, the simulated spectrum almost matches the frequency and
amplitude oscillations of the experimental curve. The agree-
ment can also be seen in the Fourier-transformed data in the
bottom panel in Figure 6. The central peak mismatch in the
bottom panel in Figure 6 is due to the fact that the simulated
average U—O; distance is longer than the corresponding
experimental value. Older EXAFS data for 0.05 M U* in 1.5 M
HCIO,* were compared to our spectrum and the recent
experimental data;* some differences were observed, the
source of which is not clearly known (see the Supporting
Information for the comparisons).
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Figure S. Simulated EXAFS spectra of UO," (aq). The upper panel
shows a k(k) EXAFS spectrum; the lower panel shows the
magnitude of the Fourier transform, [7(R)I, of ky(k).
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Figure 6. Comparison of the simulated and experimental EXAFS
spectra of U*(aq).* The upper panel shows the k*%(k) EXAFS
spectra; the lower panel shows the magnitude of the Fourier transform

F(R).

3.3. Dipole Moments of the Solvating Water
Molecules. Here, we compare the trends in the polarization
of water by U*, UO,", and UO,*. In Table 4, the dipole

Table 4. Dipole Moments of the Water Molecules in the
First-Shell, Second-Shell, and Bulk Regions of U*(aq),
U0,"(aq), and UO,™ (aq)

Dipole Moment (D)

first shell second shell bulk region
U*(aq) 42 +05 3.0+03 29+03
UO,*(aq) 3.5+ 03 29 + 03 29 +03
U0,*(aq) 41+ 04 29 +03 28 +£03

moments per water ligands in the first-shell, second-shell, and
bulk regions of each cation are reported. The dipole moments
were computed using the maximally localized Wannier—Boys
orbital technique® ~** and averaged over 20 uniformly spaced
(with respect to the simulation time) snapshots. The trajectory
from a previous AIMD simulation®* was used for the UO,**
dipole moment calculations. In Figure 7a, the average location

v v
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Figure 7. (2) Depiction of the location of the lone-pair orbitals (LPO)
and bonding orbitals (BO) Wannier function centers (WFC) in the
water molecule. LPO is colored yellow and BO is colored green. (b)
Distributions of the distances, 7o_wrc, between the oxygen atoms and
the WEC per water molecule for first, second, and bulk solvent shells.

of each doubly occupied Wannier function centers (WFC) in a
water molecule is shown; the lone pair orbitals (LPO) are
colored yellow and the bonding orbitals (BO) are colored
green. In Figure 7b, the distributions of the radial distances
between the O atoms from their respective WECs are depicted
for U* and UO,".

UO,* and UO,**. The electric field of UO," is quite strong,
and it polarizes the first-shell water by an average +0.6 D,
relative to the average bulk water dipole moment of 2.9 D (cf.
Table 4). The average second-shell water dipole moment is no
different from the bulk implying that polarization effects do not
extend beyond the first shell. According to Figure 7b, the
distribution of LPO—O distance is bimodal (centered on 0.3
and 0.36 A), while the second-shell and bulk distributions each
have a single well-defined center, similar to liquid water.*> The
bimodal distribution is due to the asymmetric (tilt) orientation
of a water molecule around the ion, resulting in one LPO being
pulled away from the O atom toward the ion and the other
The asymmetric orientation is a

being pulled closer.*®
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consequence of the large first-shell dipole tilt angle of 35° due
to the hydrogen-bond formation with the water molecules in
the second and bulk solvation shells and the UO,"—H,0
electrostatic interaction. UO,*" polarizes the first water ligands
much more strongly than UO,". The shift in the UO,*" first-
shell dipole moments is at least 1.2 D, relative to the second-
shell and bulk water dipole moments. Furthermore, the trends
in the distributions of LPO—O distances in UO,**(aq) are
similar to that of UO,".

U*". The data in Table 4 show a large dipole moment shift of
12 D in average dipole moment of the first-shell water
molecules around U*, relative to the bulk. The shift is similar
to that of UO,*, even though they differ by two charge units
(intuitively, one would expect the +4 center to polarize the
solvent more strongly than the +2 center). However, U*"
(UO,*) polarizes 8—9 (5) water molecules; therefore, it has
a stronger polarizing effect on the first shell. The second shell
exhibits a small polarization of 0.1 D, relative to the bulk. The
asymmetric distribution of the O—LPO distances observed for
UO," is also evident in U*" (Figure 7b, lower panel). However,
the peak splitting features are not as well-defined, compared to
the case of UO,". This is due to the comparatively large tilt
angles of the UO," first-shell water molecules.

3.4. First Acidity Constant from the Metadynamics
Simulations. For a metal ion in aqueous solution, hydrolysis
occurs when partial charge transfer from a first-shell water
molecule to the metal makes the molecule a sufficient
Bronsted—Lowry acid to promote a proton transfer to the
second shell.”” The first hydrolysis reactions of U* and UO,"
are given by

[U(OHy)* + H,0 = [U(OH,),(0H) T + Hyo"

[UO,(OH,)s ]t + H,0 = U0, (0H,),(OH) + Hy0"

The deprotonated species can form a mixture of new aqua
species and precipitates, depending on the pH and other
thermodynamic conditions. Therefore, knowledge of the
hydrolysis of actinide ions in aqueous solution enhances our
ability to accurately predict the chemistry and thermodynamics
of nuclear waste remediation. For highly charged actinide ions
in solution, e.g, U*, hydrolysis occurs with ease, since the
strong ion—oxygen electrostatic attraction and charge transfer
from the first-shell water 3a,; orbital (o orbital containing the O
lone pair electrons) to empty d orbitals of U weakens the O—H
bond, leading to the release of H'. Because of its high charge,
U* is expected to be a much stronger acid in aqueous solution
than UO,* and UO,**. In fact, the measured acid dissociation
constant, pK,, of U*(aq) is pK, = 0.54 + 0.06, while that of
UO,** are 5.24 + 0.25 (ref 33) and 5.58 + 0.24 (ref 34).

Analyses of the proton-transfer mechanisms in U*(aq),
UO,*(aq) and UO,**(aq) from the metadynamics simulations
are presented in the Supporting Information. In all cases, there
was no cooperativity during or after the proton transfer; that is,
no water molecule departed from the first shell during
hydrolysis. Here, we focus on the deprotonation free energy
differences of each system.

U*(aq). In Figure 8, the reconstructed free-energy profile
(black curve) is shown, where the reactant free energy is taken
as the zero reference point. The figure shows that the free-
energy difference between the reactant (£ ~ 2) and the product
(E~1)is F(é=1) — F(¢ = 1.97) = 2.52 keal/mol. Since any of
the 8 independent first-shell water molecules could have been
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Figure 8. Free-energy profiles of the deprotonation of U*(aq), UO,"
(aq), and UO,*" (aq), as a function of &

used for the deprotonation reaction, an entropic energy
correction of —TS, where the entropy (given as S = kg In 8)
must be added to the computed free-energy difference. At T =
300 K, this correction amounts to —1.24 kcal/mol, yielding the
final estimate of the free-energy difference to be AF = 1.28
kcal/mol, and subsequently a pK, value of 0.93 (eq 3). The
simulated and experimental pK, values of U*(aq) are reported
in Table S. The simulated pK, value is greater than the

Table 5. pKa Values of U*(aq), UO,"* (aq), and UO,*" (aq)

pKa
Simulation Experiment
value ref value ref
U*(aq) 0.93 this work 0.54 33
UO," (aq) 8.51 this work
UO0,* (aq) 495 this work 5.24 33
6.98 87 5.58 34
9.61 39
—-0.21 39

experimental value by 0.4 pH units (experimental pK, = 0.54 +
0.06).**> However, considering the fact that the experimental
probes correspond to the infinite dilution limit—a condition
which our model fails to satisfy, because of its finite size—we
claim that the metadynamics simulation with the coordination
number as a collective variable yields a pK, value that is in
reasonable agreement with the experiment.

UO,*(ag) and UO,?*(aq). The free-energy profiles in Figure
8 (red and blue curves) yield AF values of 12.64 kcal/mol for
UO," and 7.75 kcal/mol for UO,*. Accounting for the
entropic correction of —kgT In 5§ = —0.96 kcal/mol results in
the first-hydrolysis free energy of UO," being 11.68 kcal/mol
and the pK, value of UO," being 8.51. Similarly, the first-
hydrolysis free energy and pK, values of UO,** are 6.79 kcal/
mol and 4.95, respectively. The simulated and experimental pK,
values for UO," and UO,** are summarized in Table 5. The
simulated pK, value for UO,>* deviates from one experimental
value of 5.24 + 0.25 (ref 33) by 0.3 pH units and another value
of 5.58 + 0.24 (ref 34) by 0.6 pH units. Again, if we consider
the fact that the experimental value corresponds to the infinite
dilution limit, then the simulated value agrees well with the
experimental values. Also listed in Table S are the pK, values of
U0, from 7previous theoretical studies: 6.98 (ab initio MD
simulation),®” 9.61 (gas-phase simulation with BSJ dielectric
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continuum model used to treat solvent effects),® and —0.21
(gas-phase simulation with a polarizable continuum model used
to treat solvent effects).*® Our pK, value for UO,>" is the best
theoretical value against the experiment and this gives us
confidence in the predicted pK, value for UO,"*. Based on the
deviations of the U** and UO,*" hydrolysis free energies from
the experimental values (~0.5 and 1 kcal/mol, respectively), we
conservatively estimate the error in the free energy of UO," to
be 1 kcal/mol; this translates to a pK, error of 0.7 pH units.

4. SUMMARY AND CONCLUSIONS

Using density functional theory (DFT)-based constant-temper-
ature (300 K) ab initio molecular dynamics (AIMD), we have
elucidated the (i) hydration-shell geometries of UO,"(aq) and
U*(aq) and (ii) water polarization properties and first
hydrolysis of UO,**, UO,*, and U*. These three ions are
key players in uranium nuclear waste remediation, and this
study has made contributions to our understanding of these
ions in aqueous solution.

The first-hydration-shell geometry of UO," is similar to that
of UO,* and it contains five water ligands in the equatorial
plane, with average U=0,, and U—O distances of 1.85 A and
245 A, respectively. The U=0,, and U—O distances in
UO,"(aq) are slightly elongated, in comparison to the
corresponding distances in UO,*"(aq), because of reduced
U-O electrostatic attraction. The second shell of UO,*(aq)
contains an average of 15.4 water molecules at an average U-O
distance of 4.55 A. The equatorial and apical second shells
respectively contain 8—9 and 6—7 water molecules.

UO," polarizes the first-shell water molecules and causes an
average dipole moment shift of 0.6 D, relative to the second-
shell and bulk regions. UO,>" polarizes the water molecules
even more (1.2 D, relative to bulk water). The first-shell water
molecules of UO," showed a fairly large average tilt angle of
35°, because of the presence of the neighboring second-shell
and bulk waters and the strong first-shell UO,"—OH,
electrostatic interaction. As a consequence of the large tilt
angle, (i) the hydrogen bonding network between the first- and
second-shell water molecules has some degree of tetrahedral
character and (ii) the lone pair orbitals on each first-shell water
molecule are asymmetrically positioned, relative to the position
of the corresponding O atom. The asymmetric orientation of
the first-shell water lone pair orbitals is also observed in UO,*".
The computed acidity constant of UO,* to 4.95 is in good
agreement with the experimental values of 5.24 + 0.25 (ref 33)
and S5.58 =+ 0.24 (ref 34). We also predict, for the first time, that
UO," is a weak acid in solution with a pK, value of 8.5. This
result is particularly important: although thermodynamic data
for UO," is available, no data are available for hydrolyzed
species. In effect, our work says that one can use UO," in
thermodynamic calculations, up to pH ~8.5 (excluding the
presence of strongly interacting ligands).

The first shell of U* contains 8 or 9 water ligands. The
weighted coordination number of 8.7 lies on the low end of the
experimental range of 8—11.*"* The average first-shell U~O
distance of 2.45 A closely matches the reported experimental
EXAFS values of 2.40 A (ref 49) and 2.42 A (ref 48) and the
LAXS value of 2.45 A.***” The simulated EXAFS of U**(aq) is
in good agreement with recent experimental data.*’ The
average second-shell coordination number U*" is 15.2, with a
corresponding U—O distance of 4.65 A. The average first-shell
water molecule tilt angle is 24°, with the corresponding
hydrogen bonding network between the second-shell acceptors
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and first-shell donors being predominantly trigonal. The strong
polarization of the first-shell water molecules by U** results in
an average dipole moment shift of 1.2 D, relative to the average
bulk dipole moment. The simulated pK, value of U* is 0.93,
and this is in very good agreement with the experimental value
of 0.54.
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Details of the metadynamics collective variable. The MD-
EXAFS method. Hydrogen bonding analysis. EXAFS compar-
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