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The dynamics of actinyl ions (AnOn+
2 ) in aqueous solutions is important not only for the design of advanced separation processes

but also for understanding the fate of actinides in the environment. The hazardous nature of actinides makes it difficult to measure
transport and thermodynamic properties experimentally, so predictive simulations are an attractive method for studying these
systems. Here, we report the results of atomistic-level molecular dynamics simulations of actinyl ions (of U, Np, Pu, and Am) in
their mono- and dication states in aqueous solution. Quantum mechanically derived force field parameters are used to compute
self-diffusion coefficients of the actinyl ions, water exchange mechanisms, and residence times of water molecules in the first
solvation shell of the actinyl ions. We find that monocation actinyl ions diffuse slightly faster than their dication counterparts. Our
simulations suggest that there are two distinct water exchange mechanisms for mono and dications. An associative interchange
pathway is observed for water exchange involving dication actinyls, while in monocation actinyls the exchange occurs via a
dissociative mechanism. The residence time of water molecules in the first solvation shell depends on the water exchange
mechanism. In the case of dications, a stiffer actinyl bond angle results in a longer residence time, while for monocations, a
shorter water coordination distance leads to a longer residence time. The simulations predict much faster water exchange for
UO2+

2 than what is observed experimentally with NMR, but other properties are consistent with experiments.

1 Introduction1

With large amounts of radioactive waste stored in various un-2

derground storage tanks, the environmental impact of any dis-3

charge of these material can be catastrophic. The storage of4

used nuclear fuel in geological repositories is either already5

implemented in some parts of the world or under considera-6

tion for closing the nuclear fuel cycle. Clearly, understand-7

ing the transport properties of key actinide elements (one of8

the main constituents of radioactive waste) is of paramount9

importance. Furthermore, dynamic properties of actinyl ions10

need to be known for designing advanced separation processes11

used in recycling. Along with the transport properties, under-12

standing the mechanism of the exchange between coordinated13

and free solvent can help us better understand actinide ligand14

chemistry.1
15

The uranyl dication (UO2+
2 ) is the most widely studied16

actinyl species in large part because uranium is the majority17

actinide component in fuel and waste streams. Experimen-18

tal and computational studies on UO2+
2 have been performed19

to determine its dynamic properties, viz. diffusion coefficient,20
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residence time and mechanism of water exchanges between 21

coordinated and free water.1–21 However, there are several 22

discrepancies in the literature. For example, theoretical mod- 23

els based on experimental ionic conductivity measurements 24

have suggested that the diffusion coefficients for monocation 25

actinyls are roughly twice that of the dication actinyls, though 26

this is contrary to direct experimental measurements.2,3 The 27

residence time for water exchange of UO2+
2 has been observed 28

in NMR experiments to be of the order of 10−6 s, whereas 29

simulations14,22 suggest that it is much faster, on the order of 30

10−9 s. Recently, Kerisit et al.21 developed a new model for 31

classical simulation of UO2+
2 in water to accurately reproduce 32

the residence times observed experimentally with NMR, but 33

the first hydration shell of UO2+
2 in their model was tighter 34

than what has been observed experimentally.23–26
35

With a goal to develop a force field for modeling actinide 36

systems in a consistent manner, we reported a general pro- 37

cedure for determining intermolecular interaction parameters 38

from quantum mechanical calculations.27 Using this proce- 39

dure, we developed force field parameters for classical simu- 40

lations of actinyl ions (UOn+
2 , NpOn+

2 , PuOn+
2 , and AmOn+

2 41

(n = 1,2)) in water.28 The model was shown to give good 42

“static” results for water coordination numbers, hydration 43

radii, actinyl ion structure, and solvation free energies. In 44

the present work, we test the ability of this model to repro- 45

duce dynamical properties by carrying out molecular dynam- 46
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ics (MD) simulations of the transport properties and ligand47

exchange dynamics of actinyl ions in water. Self-diffusion48

coefficients, residence times and water exchange mechanisms49

have been studied for each of the eight actinyl ions in non-50

polarizable SPC/E water.29 Further, to see the impact of dif-51

ferent water models on the dynamics, UO2+
2 has been chosen52

to study these properties in water modeled with the SPC/Fw,30
53

TIP3P,31 TIP4P,31 and TIP5P32 potentials. In keeping with54

the definition from previous work28, UO2+
2 modelled with55

these other water models will be referred to as the “hybrid”56

UO2+
2 model.57

2 Simulation Details58

Inter- and intramolecular force field parameters were taken59

from our previous work28. The system consisted of one60

actinyl ion and 1000 water molecules in a cubic box of ∼3.1261

nm length, with periodic boundary conditions applied in all di-62

rections. A time step of 0.002 ps was used for all the rigid wa-63

ter models (SPC/E, TIP3P, TIP4P, TIP5P), while 0.001 ps was64

used for simulations with the flexible SPC/Fw water model.65

The leap-frog algorithm was used for integrating the equations66

of motion. Single precision Gromacs 4.5.533 was used for all67

the MD simulations. The simulations were performed in the68

NV T ensemble at T = 298.15 K using a weak Nosé-Hoover69

thermostat34 with a time constant of 6 ps. It has been shown70

that the use of the Nosé-Hoover thermostat does not perturb71

the dynamical properties of such systems35. The production72

runs were 150 ns long. The initial 5 ns of data from the sim-73

ulations were discarded before collecting averages. Trajecto-74

ries were saved with a frequency of 0.25 ps for analysis. In75

addition, shorter simulations of 5 ns were also carried out to76

visualize the water exchange mechanisms, where trajectories77

were saved with a frequency of 0.02 ps.78

The analysis program g msd available in the Gromacs 4.5.579

suite was used to calculate self-diffusion coefficients, while80

in-house programs were used to compute residence times and81

examine the water exchange mechanisms. VMD36 was used82

to visualize the trajectories. All properties were calculated83

from five independent simulations, with the standard deviation84

taken as the uncertainty.85

3 Results and Discussions86

3.1 Self-Diffusion Coefficients87

Self-diffusion coefficients DA of particles of type A were ob-
tained from the long-time slope of the mean squared displace-
ment (MSD) via the Einstein relation37

6DAt = lim
t→∞
〈|ri(t)− ri(0)|2〉i∈A (1)

where, ri(t) is the position vector of the ith particle at time 88

t. 50 ps of time differences were used as reference points for 89

MSD calculations. Diffusion coefficients of AnOn+
2 were cal- 90

culated from the slopes of the MSD plots in the time interval 91

from 200 ps to 2000 ps, where the MSD was confirmed to be 92

linear. 93

MSD plots and self-diffusion coefficients of all AnOn+
2 ions 94

in SPC/E water are shown in Fig. 1 and Table 1, respectively. 95

Note that these results have not been corrected for finite sys- 96

tem size, and so actual values will be slightly higher (by up 97

to 10 percent).38,39Actinyl ions with +1 charge have slightly 98

higher self-diffusivities than those with a +2 charge, but the 99

difference is minor. It is reasonable to expect that all the ions 100

have nearly the same self-diffusivity because each actinyl ion, 101

regardless of whether it is a mono- or dication, has a coordina- 102

tion shell of five water molecules that persists over time scales 103

commensurate with diffusion times. The fact that monoca- 104

tions have diffusivities slightly larger than dications is be- 105

cause the monocations bind water slightly less strongly than 106

the dications, which, in general, leads to increased water ex- 107

change (shown in Section 3.3) and, hence, faster dynamics. 108

The relative binding strength of the ions with water can be ob- 109

served in radial distribution function (RDF) plots in our previ- 110

ous work.28 In a given charge state, the ions have very similar 111

mobilities. 112

Table 1 shows a comparison of simulated self-diffusivities 113

and those determined experimentally using direct2,3 and in- 114

direct (by measuring ionic conductivities and mobilites4–7) 115

methods. In the direct methods for UO2+
2 and UO+

2 , diffu- 116

sion current constants were measured and directly related to 117

the diffusion coefficient via the Ilkovic equation2. The di- 118

rect measurements of NpO2+
2 and PuO2+

2 utilized a capillary 119

tube diffusion cell3. These results generally agree with those 120

obtained from the simulations reported in the present work. 121

Previous MD simulations of aqueous UO2+
2 by Kerisit et al.22

122

using a force field from Wipff and co-workers41,42 resulted in 123

a UO2+
2 diffusivity of 0.7659×10−9 m2/s which is somewhat 124

higher than our predictions and the direct experimental mea- 125

surements. 126

Self-diffusivities can also be determined indirectly by mea-
suring the ionic conductivity Λ and applying the Nernst-
Einstein equation43

Λ =
F2

RT

(
ν+z2

+D++ν−z2
−D−

)
(1−∆) (2)

where νi and zi are stoichiometric and charge numbers, re- 127

spectively, and F is the Faraday constant. The parameter 128

∆ is a so-called “deviation parameter” and is typically ne- 129

glected, though formally it is zero only for an infinitely dilute 130

system where the ions have no interaction with each other. 131

The indirect measurements of UO2+
2 diffusivities, discussed 132

in detail by Kerisit et al.22, range from 0.426× 10−9 m2/s to 133
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Fig. 1 MSD as a function of time for AnO2+
2 and AnO+

2 in SPC/E water. Slope of log-log plots of these MSD lines are within 0.9 to 1.1.

0.759×10−9 m2/s.4–7
134

Mauerhofer et al.40 carried out a theoretical study of actinyl135

dynamics in which they developed a simplified geometric136

model of the actinyl ions and invoked the Stokes-Einstein law137

with various assumptions. They first calculated the limiting138

ionic conductivity of actinyl ions, and then used a form of139

the Nernst-Einstein relation to calculate diffusion coefficients.140

Their model yielded an estimate for all the dications on the141

order of 0.7× 10−9 m2/s and so are in reasonable agreement142

with our simulations. Their estimates of the diffusivity of the143

monocations, however, are all on the order of 1.4×10−9 m2/s144

which is around double that obtained from MD simulations145

and from direct experimental measurements. Mauerhofer et146

al. have also used experimental values of limiting ionic con-147

ductivities and ionic mobilities to calculate diffusion coeffi-148

cients, which are shown in Table 1 as DIndirect
Exp. . These results149

approximately match what they have obtained via their theo-150

retical model.151

The reason that the theoretical model predicts that the152

monocation diffusivites are about twice that of the dications153

stems from the fact that the experimental conductivities are154

roughly equal for all the ions. If ∆ = 0 in Eq. 2, then the diffu-155

sivities of the less charged ions must be greater. However, it is156

highly unlikely that there is no association of ions in these sys-157

tems, and in fact the dications will tend to have larger values158

of ∆ than the monocations. This, combined with the finding159

in the present work that the solvation environment around the160

different actinyl ions is similar, suggests that the indirect dif-161

fusivity estimate for UO+
2 in Table 1 may be too high.162

3.2 Water Exchange Mechanism163

The water exchange mechanism can be interpreted in terms164

of classical ligand exchange mechanisms,44 for which there165

are three stoichiometrically distinct types: a dissociative path 166

(D) where a leaving water is lost in the first step, producing 167

an intermediate of reduced coordination number; an associa- 168

tive (A) path in which an entering water molecule joins the 169

first solvation shell of the ion, resulting in an intermediate of 170

increased coordination number; and a so-called “interchange” 171

path (I) where the leaving water molecule moves from the in- 172

ner to the outer coordination sphere in a concerted manner 173

with the entering water molecule, which moves from the outer 174

to inner coordination sphere. Often the I path is further bro- 175

ken down into “associative interchange” (Ia) and “dissociative 176

interchange” (Id) pathways. In the Ia classification, there is 177

substantial bonding between the entering and leaving water 178

molecules, with the entering water molecule playing a role 179

in the kinetics of exchange. In the Id mechanism, the bond- 180

ing between the entering and leaving water molecules is much 181

weaker and the entering water molecule plays little role in the 182

kinetics of exchange. These distinctions are somewhat arbi- 183

trary, but simply serve to provide a qualitative picture of ex- 184

change44–48. 185

The MD simulations provide insight into the exchange 186

mechanism whereby bound equatorial water molecules ex- 187

change with bulk water. Pomogaev et al.28 have shown that all 188

the actinyl ions are coordinated with five water molecules in 189

equilibrium. The time dependence of the total number of wa- 190

ter molecules in the first hydration shell of the actinyl ions is 191

shown in Fig. 2 over three different time scales. The number of 192

water molecules in the first hydration shell fluctuates as there 193

are abrupt transitions due to water exchange. The “dominant” 194

transient for the dication actinyls is an associative (A) mecha- 195

nism in which the coordination number goes from 5→ 6→ 5, 196

while for the monocation actinyls it is a dissociative (D) mech- 197

anism in which the coordination numbers during exchange are 198
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Table 1 Self-diffusion coefficients (D, 10−9m2s−1) of AnOn+
2

computed in SPC/E water from MD simulations, and compared with
experimental results. Subscripts refer to uncertainties in the last
digit(s); for e.g. 0.619 is equivalent to 0.61±0.09, 0.6410 is
equivalent to 0.64±0.10.

AnOn+
2 Da

MD DDirect
Exp. DIndirect

Exp.
d

UO2+
2 0.619 0.68b [0.426 to 0.75927]

e

NpO2+
2 0.6410 ∼ 0.8c −

PuO2+
2 0.618 ∼ 0.55c 0.78627

AmO2+
2 0.61 − −

UO+
2 0.686 0.70b

02 1.41153, 1.35880
NpO+

2 0.708 − −
PuO+

2 0.688 − −
AmO+

2 0.81 − −

a This work– from MSD calculations. b From Ref. 2. c Diffu-
sion coefficient value is estimated for 0.056 molar ions from
a plot of diffusion coefficient vs. concentration given in the
work of Marx et al.3 d Mauerhofer et al.40 calculated these
diffusion coefficients from ionic conductivity and ionic mo-
bility experiments using the Nernst-Einstein relation. e Kerisit
et al.22 further looked at the reported experimental ionic con-
ductivity and ionic mobility results of UO2+

2 and converted
them into the diffusion coefficients using the Nernst-Einstein
relation.

mainly 5→ 4→ 5. Though di- and monocation actinyls also199

have transient states with four and six water molecules in the200

first hydration shell, respectively, these transient states are ob-201

served much less often. The rates of formation of “dominant”202

transient states for the water to be exchanged is directly related203

to the residence time, which is discussed in the next section.204

Further insight into the exchange process of water be-205

tween the first and the outer coordination shells of dication206

actinyls can be obtained by examining snapshots of interme-207

diate states. Fig. 3 shows four representative snapshots from208

a simulation in which water exchange occurs for UO2+
2 . Sim-209

ilar behavior is observed for other dications. Fig. 3 (c) shows210

that an associative complex [UO2(H2O)6]2+ forms, in which211

the oxygen atoms of the entering and leaving water molecules212

are at approximately 0.27 nm from the U atom. This dis-213

tance is slightly more than the nominal coordination distance214

of ≈ 0.246 nm28, but is less than the extent of the first hy-215

dration shell (≈0.30 nm)28. Also notice that UO2+
2 is signifi-216

cantly bent in Fig. 3 (c), which suggests that the entering wa-217

ter molecule changes the conformation of the ion and that the218

stiffness of the O-An-O bond is important in the exchange pro-219

cess. As shown below, the stiffness of this angle does indeed220

play a role in the exchange kinetics. The exchange mechanism221
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Fig. 2 Total number of water molecules in the first hydration shell of
actinyl ions vs. time, shown in three different time scale resolutions.
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shown in Fig. 3 was the dominant mechanism observed in the222

simulations, and therefore we conclude that the dication water223

exchange mechanism can be classified as Ia as defined in the224

schematic transition states shown in the literature.44–48
225

Water exchange for UO2+
2 has been studied previously by226

Vallet et al.8 and others1,10,12,14–20,49. They ruled out the227

possibility of D exchange, but couldn’t distinguish between228

A or Ia exchange mechanisms, because both pathways in-229

volve a coordination complex containing six water molecules230

([UO2(H2O)6]2+). Vallet et al.9 also studied the water ex-231

change mechanisms for NpO2+
2 and PuO2+

2 using quantum232

calculations. They concluded that these dications follow the233

Ia mechanism. Using NMR experiments, Bardin et al.18 sug-234

gested that the Ia mechanism is operative for UO2+
2 , NpO2+

2235

and PuO2+
2 . The results of the present work are consistent236

with these other studies, and suggest that the primary water237

exchange mechanism for dication actinyl ions is associative238

interchange.239

In contrast to the dication actinyls, the monocation actinyls240

tend to exchange water via a dissociative (D) mechanism as241

shown in Fig. 4. Fig. 4(b) shows an intermediate complex of242

reduced coordination for the NpO+
2 ion; other monocations243

show similar characteristics. These results are consistent with244

those shown in Fig. 2.245

3.3 Residence Times246

Fig. 2 shows that the dynamics of water exchange varies for
the different ions. To quantify the water exchange rate, a res-
idence time correlation function, R(t), was computed in the
following manner22,50,51

〈R(t)〉= 〈 1
N0

N0

∑
i=1

Pi(t, t∗)〉 (3)

where N0 is the total number of water molecules in the first247

hydration shell of the actinyl ion at time t = 0. Pi(t, t∗) is the248

Heaviside function, which is 1 if the ith water molecule at time249

t is correlated with the ith water molecule at time 0. We use250

the following operational definition of correlation51. If the251

ith water molecule continuously resides in the first solvation252

shell between time 0 and time t, or it leaves the first solvation253

shell for a period not more than t∗, then it is correlated and254

Pi(t, t∗)= 1. Otherwise, Pi(t, t∗)= 0. The parameter t∗ is taken255

to be 0.5 ps, in keeping with common practice22,52–54. The256

first hydration shell is defined as the first minimum of the RDF257

(see Fig. 4 of Pomogaev et al.28) between the An atom and258

the oxygen atom of water (An· · ·Ow) plus a small allowance to259

accommodate small radial movement of water molecules. The260

resulting first hydration shell distances were taken to be 0.30261

nm for all dications and 0.34 nm for all monocations except262

AmO+
2 , for which 0.345 nm was used.263

The residence time of water about an ion, τ , was obtained 264

by numerically integrating 〈R(t)〉 with respect to time t. Av- 265

erage residence times and standard deviations were obtained 266

from five independent simulations for each actinyl ion. Re- 267

sults are shown in Table 2. 268

Table 2 Residence times (τ) of SPC/E water molecules around
AnOn+

2 in the first hydration shell. Activation free energies (∆G‡)
are also shown. Subscripts are uncertainties in the last digit(s)

AnOn+
2 τ (ns) ∆G‡ (kJ/mol)

UO2+
2 0.775 21.01

NpO2+
2 1.92 23.22

PuO2+
2 186 28.78

AmO2+
2 264 29.74

UO+
2 2.02 23.42

NpO+
2 1.875 23.21

PuO+
2 1.043 21.71

AmO+
2 0.1694 17.21

Trends of residence time for mono- and dication actinyls 269

can be understood in terms of the exchange mechanisms de- 270

scribed in the previous section. For di-cations, which fol- 271

low an associative interchange mechanism, residence time is 272

strongly dependent on the angle bending constant (kθ ) of the 273

actinyl ion. Since the incoming water molecule comes from 274

near the apical “yl” oxygen atoms of the ion (Fig. 3(b)), ions 275

having softer or more flexible bond angles will have faster wa- 276

ter exchange. 277

To examine the sensitivity of exchange dynamics and solva- 278

tion free energies on the O-U-O bond angle stiffness as well as 279

the non-bonded interactions between water and UO2+
2 , we per- 280

formed additional simulations on UO2+
2 in SPC/E water using 281

two different sets of non-bonded Lennard-Jones parameters 282

and charges. The non-bonded parameters proposed by Pomo- 283

gaev et al.28 and used in the present study will be referred to 284

as Model 1, while the non-bonded parameters recommended 285

by Kerisit et al.21 will be referred to as Model 2. Further- 286

more, to study the sensitivity of the results to the stiffness of 287

the O-U-O bond angle, we simulated both Model 1 and Model 288

2 with the harmonic force constant proposed by Pomogaev et 289

al.28 (kθ = 198 kJ mol −1 rad−2) and the stiffer angle bending 290

constant (kθ = 1255 kJ mol−1rad−2) recommended by Wipff 291

and co-workers42. Table 3 shows the results. Model 1 gives 292

a first hydration shell radius of 0.246 nm, while Model 2 pre- 293

dicts a tighter radius of 0.236 nm. These predictions bracket 294

the experimental value of 0.241-0.242 nm and there is no de- 295

pendence on the O-U-O bond angle stiffness. The computed 296

hydration free energies ∆Ghyd are less negative for Model 1 297

than for Model 2, consistent with the hydration radii; Model 2 298
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Fig. 3 Equatorial water exchange mechanism for UO2+
2 (other dications show similar behavior). Water molecules not involved in the first

hydration shell are not shown for clarity. The gray ring around UO2+
2 represents the spatial extent of the first hydration shell. (a) and (b)

UO2+
2 with five water molecules in its first hydration shell. The entering and leaving water molecules are colored blue and green, respectively.

(c) Intermediate UO2+
2 with six waters in the first hydration shell, characteristic of an associative interchange (Ia) exchange mechanism. The

exchanging water molecules are approximately 0.27 nm from the central U atom, which is more than the nominal coordination distance 0.246
nm but less than the radius of the first solvation sphere (0.30 nm). Notice that the UO2+

2 ion is bent in this state. (d) The green water molecule
leaves the first hydration shell while the blue water molecule takes its place and water exchange is complete.

Fig. 4 Equatorial water exchange mechanism for NpO+
2 (other monocations show similar behavior). Water molecules not involved in first

hydration shell are not shown for clarity. The gray ring around NpO+
2 represents the spatial extent of the first hydration shell. (a) NpO+

2 with
five water molecules in its first hydration shell with the blue water molecule approaching to replace the green water molecule. (b) The green
water has left the first hydration shell and NpO+

2 with four waters in its first hydration shell indicating a dissociative (D) exchange
mechanism8. (c) The blue water molecule has joined the first hydration shell and water exchange is complete.
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binds water more strongly than Model 1. Hydration free ener-299

gies do not depend upon the stiffness of the O-U-O bond an-300

gle. To better enable comparison with experimental hydration301

free energies, our calculations include correction terms for in-302

terfacial effects27,55,56, while these terms were not included in303

the work of Kerisit et al.21, which is why there is a small dif-304

ference between our calculated value and theirs for Model 2305

with the stiff bond angle. Experimental hydration free ener-306

gies vary widely and so it is not possible to identify which set307

of parameters best match experimental data, but certainly the308

present model yields reasonable values.309

Water residence times and the associated Gibbs free energy
of activation depend on both the non-bonded model param-
eters and the bond angle stiffness. The water exchange rate
constant, which is the inverse of residence time, is related to
the Gibbs free energy of activation (∆G‡) by the Eyring equa-
tion57:

τ
−1 = kex =

kBT
h

exp(
−∆G‡

RT
) (4)

Water exchanges more slowly with Model 2 parameters than310

Model 1 parameters because of stronger water-UO2+
2 binding.311

The stiffness of the O-U-O bond angle has an even more pro-312

nounced effect on exchange dynamics; the stiffer bond angle313

significantly slows down water exchange. We were unable to314

observe a single water exchange event using Model 2 with the315

stiff bond angle over the course of a 150 ns simulation, while316

for the other models exchange was observed to occur on times317

scales ranging from 0.77-30 ns. For those cases in which ex-318

changes were observed, the Ia mechanism was dominant, in-319

dicating that the mechanism of water exchange is insensitive320

to the particular force field parameters used here. Computed321

Gibbs free energies of activation vary from 21-38 kJ/mol, with322

Model 2 and the stiff bond angle agreeing best with available323

experimental data. It is interesting to note, however, that nei-324

ther the stiff bond angle nor the potential energy surface cor-325

responding to Model 2 agree with recent quantum mechanical326

calculations involving UO2+
2 explicitly interacting with wa-327

ter28. As shown in Table 3, the experimental U· · ·Ow dis-328

tance is 0.241-0.242 nm23–26, which is slightly overestimated329

by Model 1 (0.246 nm) and slightly underestimated by Model330

2 (0.236 nm). While the differing bond lengths affect calcu-331

lated hydration free energies, exchange rates are insensitive to332

the U· · ·Ow bond length. The results also show that the stiff-333

ness of the O-U-O bond angle, as characterized by kθ , does334

impact the water exchange dynamics.335

The main conclusion from these calculations is that the stiff-336

ness of the O-An-O bond angle in dication actinyls has a large337

effect on water exchange dynamics; the stiffer the angle bend-338

ing potential, the longer will be the residence time. The kθ339

values used in the MD simulations reported here for dication340

actinyls of U, Np, Pu, and Am are 198, 236, 602, and 791341

kJmol−1rad−2, respectively28. The residence times reported342

in Table 2 follow the trend of increasing residence time down 343

the series as the bond angle gets stiffer. 344

For monocations, which follow a dissociative exchange 345

mechanism, water residence time is independent of kθ . In- 346

stead, residence time depends on how weakly the water in the 347

first hydration shell is bonded to the actinyl ion, i.e. how easily 348

a water molecular can just move away from the first hydration 349

shell. In other words, residence time depends on the An· · ·Ow 350

distance. The greater the An· · ·Ow distance, the weaker will 351

be the interaction between An and water and the easier it will 352

be for water to leave the first hydration shell. This suggests 353

that residence times should be inversely related to An· · ·Ow 354

distance. The An· · ·Ow distances in nm for the monocation 355

actinyls of U, Np, Pu, and Am were found to be 0.254, 0.254, 356

0.256, and 0.258, respectively28. The residence times reported 357

in Table 2 follow the trend of decreasing residence time down 358

the series. 359

The dynamics of water exchange with actinide cations 360

has been the subject of extensive investigations, both ex- 361

perimentally1,17,18,49 and computationally.8,12,14–16,21,22,60,61
362

Most studies have focused on UO2+
2 , though some experimen- 363

tal studies have also been carried out on NpO2+
2 and PuO2+

2 .18
364

Ikeda et al.17 and Bardin et al.18 studied the water exchange 365

mechanism using proton NMR with mixed water-acetone so- 366

lutions. The solutions were cooled to low temperatures (−50 367

to −95 ◦C) because the exchange dynamics at room temper- 368

ature were too fast to detect. By extrapolating low temper- 369

ature data of Ikeda et al.17,49, Farkas et al.1 estimated the 370

water exchange rate for UO2+
2 to be 1.4× 106 s−1 at 25◦C. 371

Farkas et al.1 used 17O NMR to study the water exchange 372

with UO2+
2 . They determined the rate constant for exchange 373

between bound and free water to be 1.3× 106 s−1 at 25◦C, 374

consistent with the proton NMR data of Ikeda et al. Bardin 375

et al.18 have reported water exchange rate with UO2+
2 of the 376

order of 104 s−1, which appears slightly out of line compared 377

to other experimental results. Bardin et al.18 also measured 378

the rate constants for water exchange with NpO2+
2 and PuO2+

2 379

and found them to be of the order of 106 s−1 and 104 s−1, 380

respectively. 381

In contrast to the experimental results, most previous theo- 382

retical / simulation studies predict much faster exchange dy- 383

namics for water and UO2+
2 at ambient conditions. For ex- 384

ample, Vallet et al.8 used quantum mechanical calculations to 385

estimate the activation energy for associative (A) and inter- 386

change (I) mechanisms and predicted an exchange rate con- 387

stant on the order of 108 s−1. Hagberg et al.14 performed MD 388

simulations of UO2+
2 in water with their NEMO potential62

389

and observed two instances of water exchange during a rel- 390

atively short (10−10 s) simulation. Kerisit et al.22 performed 391

MD simulations of UO2+
2 in water using Wipff’s potential41,42

392

for the cation and the SPC/E model for water, and obtained 393

an exchange rate constant equal to 8.1× 108 s−1. Frick et 394
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Table 3 Effect of angle bending constant (kθ ) on residence time (τ) for UO2+
2 . Activation free energy (∆G‡) calculated from τ and hydration

free energies of UO2+
2 (∆Ghyd) at 298 K are also shown.

Model seta kθ (kJ mol−1rad−2) U· · ·Ow distance (nm) τ (ns) ∆G‡ (kJ mol−1) ∆Ghyd (kJ mol−1)
1 198 0.246 0.77 21 −139028

1 1255 0.246 30 31 −1390
2 198 0.236 1.2 28 −1685
2 1255 0.236 670 b 38 −155221, −1685Present work

Experiments NA 0.24123,25,26 7601 381 −1360±24 to −1665±6527,58,59

0.24224

a {σUU,εUU,σOUOU,εOUOU,QU,QOU} are {0.295, 0.530, 0.383, 0.057, 2.5, 0.25} and {0.28508, 0.50208, 0.311814, 0.8368,
3.25, -0.625} for Model 128 and Model 221, respectively. Units of σ , ε and charges are nm, kJ mol−1 and e, respectively.

b Calculated by Kerisit et al.21 using a metadynamics technique. No exchange was observed in our 150 ns MD simulation.

al.63 using a hybrid quantum / classical model did not observe395

any exchange, but their simulation was extremely short (8 ps).396

Similarly, Nichols et al.61, using first principle molecular dy-397

namics simulations, did not observe any exchange during ex-398

tremely short simulations of 22 ps and 9 ps with 64 and 122399

water molecules, respectively. Using the model of Pomogaev400

et al.,28, we computed a water exchange time constant of 0.77401

ns for UO2+
2 , which translates to a rate constant of 1.3× 109

402

s−1. This is much faster than the NMR data suggest. Recently,403

Kerisit et al.21 developed a new model for classical simula-404

tion of UO2+
2 in water that yields exchange dynamics more in405

line with the experimental NMR results. However, this model406

tends to underestimate the size of the first hydration shell for407

UO2+
2 and does not reproduce the water-UO2+

2 potential en-408

ergy surface or the U-O bond stretching frequency found in409

quantum calculations28,64 and experiments.64,65
410

Why do so many of the theoretical / simulation studies pre-411

dict faster exchange rates than the NMR data? Most of the412

quantum calculations mentioned above compute free energies413

of activation for particular configurations of bound and un-414

bound water, and estimate exchange rate constants via eq. 4.415

Because these studies typically utilize a small number of wa-416

ter molecules and embed the system in some sort of contin-417

uum solvation model, there is often wide variation in the esti-418

mated activation free energies depending on the reaction coor-419

dinate, level of theory used, and the choice of solvation model.420

For example, Tsushima et al.16 calculated the Gibbs free en-421

ergy of activation ∆G‡ = 42.4 kJ/mol for one particular as-422

sociative pathway, but found that the free energy barrier for423

a different associative pathway was 19.9 kJ/mol. It is stated424

that the accuracy of this method is 10 kJ/mol “at best”. It425

is also pointed out that the large number of local minima in426

this system means that it is hard to be sure if the actual reac-427

tion coordinate corresponds to the minimum free energy path-428

way, and that molecular dynamics or Monte Carlo sampling429

might be needed. A study by Rotzinger15 estimated a value of 430

∆G‡ = 39.3 kJ/mol and 27 kJ/mol for CAS-SCF(12/11)-PCM 431

and CAS-SCF(12/11)-SCRF geometries, respectively. Vallet 432

et al.8 calculated the energy of activation ∆U‡ = 19 kJ/mol 433

and 38 kJ/mol for A and I mechanisms, respectively. In an 434

effort to account for solvation effects more explicitly, Bühl 435

et al.12 calculated the Helmholtz free energy of activation for 436

the associative exchange of water and UO2+
2 using ab initio 437

molecular dynamics and thermodynamic integration. They es- 438

timated that the Helmholtz free energy barrier for exchange 439

was ∆A‡ = 28 kJ/mol, a value that they noted was “noticeably 440

lower than the experimental free energy barrier” of 38 kJ/mol. 441

They attributed this underestimation of the free energy bar- 442

rier to deficiencies in the density functional theory function- 443

als employed and also the possibility that the relatively short 444

simulation times afforded by their methods could have led to 445

insufficient sampling. Given the exponential dependence of 446

the water exchange rate on the free energy barrier, small en- 447

ergy barrier differences on the order of 10 kJ/mol can lead to 448

extremely large differences in rate constants. 449

Using the model of Pomogaev et al.28 along with a system 450

of 1000 water molecules and a single cation, we find exchange 451

rates between the first and second solvation shells that are 452

much faster than the experimental NMR results1, as shown in 453

Table 3. Interestingly, however, computed coordination num- 454

bers and the observed exchange mechanism agree with previ- 455

ous computational and experimental studies. It is also interest- 456

ing that the fast exchange rate predicted here is consistent with 457

several of the previous theoretical studies that found lower free 458

energy barriers than that measured with NMR. While a differ- 459

ence of three orders of magnitude between experimental and 460

simulated rate constants is quite large, it is important to re- 461

call that this corresponds to a mere difference of 10-17 kJ/mol 462

of activation free energy as shown in Table 3. This empha- 463

sizes how small energy differences can yield large differences 464
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in rates. We can think of at least three possible explanations465

for these observations. First, the NMR experiments record466

the exchange between water that is associated with the cation467

and water that is in the bulk. The simulations all consider468

the exchange dynamics between the first and second coordi-469

nation shells of the cation. Even in the second coordination470

shell, however, water still experiences interactions with the471

cation and cannot be considered to be residing in “bulk” wa-472

ter. Thus the simulations may only be capturing the first part473

of the exchange process, while the ultimate exchange with the474

bulk captured by NMR takes longer time. However, Nichols475

et al.61 using first principle molecular dynamics simulations476

found the exchange rate on the order of picoseconds for water477

exchange between the second hydration shell and bulk water,478

thereby suggesting that this is not the rate limiting step. A479

second, albeit unlikely, explanation for why NMR exchange480

dynamics are slower than that predicted by simulations is that481

the high magnetic fields associated with the NMR experi-482

ments could impact the vibrational frequency of UO2+
2 . We483

showed that as the O-U-O bond angle becomes stiffer, wa-484

ter exchange dynamics become slower. It has been observed485

that large magnetic fields perturb the vibrational frequencies486

of molecules66–84 and this could result in a distortion of the487

exchange dynamics measured with NMR. The third explana-488

tion is that the models used in the simulations are simply not489

sophisticated enough to capture the dynamical exchange pro-490

cess between water and UO2+
2 and need to be improved. If this491

is the case, then the present study can serve as a benchmark492

for further studies aimed at systematically improving water-493

actinide force fields.494

3.4 Effect of Water Models on Dynamics495

All of the results presented above were for simulations carried496

out with the extended simple point charge (SPC/E) model of497

water. There are a number of different water models com-498

monly used besides the SPC/E model, however, so to in-499

vestigate the sensitivity of the results to variations in water500

model, simulations were carried out for UO2+
2 in four other501

water molecules: SPC/Fw, TIP3P, TIP4P, and TIP5P. Note502

that a “hybrid” UO2+
2 model was used, as described else-503

where28. Results are presented in Table 4. The neat water504

diffusivities for the different models are in agreement with505

literature values30. The self-diffusivities of UO2+
2 in the506

different water models vary substantially. Self-diffusivities507

range from 0.52× 10−9m2s−1 for UO2+
2 in SPC/Fw water to508

1.5× 10−9m2s−1 in TIP3P water. These trends follow the509

trends in diffusivity for neat water; the uranyl ion diffuses510

fastest in the water model having the highest water diffusivity.511

To show this, we computed the ratio of the ion self-diffusivity512

and the neat water self-diffusivity for each model. The ratios513

are essentially equal at around 0.25. By comparing the self-514

diffusivity of water with the actinyl ions present and in the 515

neat state, it is evident that dilute actinyl ions have no signifi- 516

cant effect on the diffusivity of water. 517

Further, the residence times of water in the first hydration 518

shell of UO2+
2 for the different water models have also been 519

computed. Since the incoming water that replaces a coor- 520

dinated water for dication actinyls comes from near the “yl” 521

oxygen, rapid exchange is favored by a stronger attraction be- 522

tween the “yl” oxygen (OAn) and the oxygen of water (Ow). 523

This is reflected in the residence times shown in Table 4, 524

where the effect of Lennard Jones parameters εOAn−Ow used in 525

the simulations have been compared with the computed resi- 526

dence times. A smaller εOAn−Ow means a higher residence 527

time and vice versa. A minor exception to this rule is observed 528

with the TIP3P water model, which we suspect is due to the 529

fact that it has a significantly larger water self-diffusivity than 530

the other models (see Table 4), which facilitates exchange. 531

4 Conclusions 532

A classical force field for aqua actinyl cations (AnOn+
2 , An = 533

U, Np, Pu, Am; n =1, 2), originally developed using quan- 534

tum mechanical calculations and validated against static prop- 535

erties, has been used to compute the dynamical properties of 536

water - actinyl ion systems. The computed self-diffusion co- 537

efficients of water and the cations are in agreement with those 538

from direct experimental studies. The diffusion coefficients 539

of dications are somewhat smaller than that of monocations, 540

which is attributed to the greater affinity between water and 541

the dications. Two different types of water exchange mech- 542

anisms were observed: associative interchange (Ia) for dica- 543

tions and dissociative exchange (D) for monocations. The Ia 544

mechanism for the dications has been observed in other stud- 545

ies as well. We find that the rate of water exchange is sensitive 546

to the stiffness of the O-An-O bond angle, with a stiffer bond 547

angle resulting in slower water exchange. Water exchange was 548

fastest for UO2+
2 and slowest for AmO2+

2 . In contrast, for the 549

monocations which follow a dissociative mechanism, the rate 550

of water exchange is related to the strength of the non-bonded 551

interactions between water and the actinyl ion. Thus water ex- 552

change is fastest for AmO+
2 and slowest for UO+

2 . The com- 553

puted residence times for water in the first hydration shell of 554

UO2+
2 are significantly shorter than those reported in NMR 555

studies, but agree with many previous computational studies 556

of water exchange free energy barriers. The reason for the 557

discrepancy between simulations and experiment is not clear, 558

but several possible explanations are given. Finally, we note 559

that there is a long history of empirically adjusting classical 560

force field parameters to match some sub-set of experimen- 561

tal data. In this work, we tested whether a single classical 562

force field, derived from ab initio simulations, can simulta- 563

neously capture both static and dynamic properties of aqua 564
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Table 4 Diffusion coefficients (D, 10−9m2s−1) of UO2+
2 and water, average number of water molecules in the first solvation shell (N f s

w ), and
residence times (τ) for different water models. Subscripts are uncertainties in the last digit(s)

Water
model

DUO2+
2

DUO2+
2

/Da
water Dwater Da

water N f s
w εOAn−Ow (kJ/mol) τ (ps)

SPC/E 0.619 0.25 2.454 2.513 5.00673 0.192 77050
TIP4P 1.02 0.29 3.393 3.507 5.02543 0.850 1864
SPC/Fw 0.523 0.26 2.036 2.034 5.08978 1.080 1593
TIP3P 1.52 0.28 5.458 5.447 5.351 1.080 42.02
TIP5P 0.729 0.27 2.675 2.693 6.4363 1.470 43.05

a in neat water.

actinyl ions. The force field performs reasonably well in cap-565

turing qualitative trends as well as most quantitative dynamic566

and static properties, with the notable exception of the rate567

constant for water exchange. To date, we know of no classi-568

cal force field for actinyl ions and water that simultaneously569

captures all known experimental properties of this system and570

is consistent with potential energy surfaces derived from high-571

level quantum calculations. This suggests that more sophisti-572

cated force fields may be necessary to more accurately model573

these systems.574
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78 R. D. Ambashta and M. Sillanpää, J. Hazard. Mater., 2010, 180, 38–49. 708

79 K.-T. Chang and C.-I. Weng, Comput. Mater. Sci., 2008, 43, 1048–1055. 709

80 X. Pang and B. Deng, Europhys. Lett., 2010, 92, 65001. 710

81 X. Pang and B. Deng, Sci. China Ser. G -Phys. Mech. Astron., 2008, 51, 711

1621–1632. 712

82 A. Pazur and M. Winklhofer, Geophys. Res. Lett., 2008, 35, L16710. 713

83 I. Otsuka and S. Ozeki, J. Phys. Chem. B, 2006, 110, 1509–12. 714

84 H. Hosoda, H. Mori, N. Sogoshi, A. Nagasawa and S. Nakabayashi, J. 715

Phys. Chem. A, 2004, 108, 1461–1464. 716

1–11 | 11

Page 11 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t


