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Abstract The aqueous solvation of Th and Np in the IV
oxidation state was examined using cluster models gener-
ated by Monte Carlo simulations and density functional
theory embedded within the COSMO continuum model to
approximate the effect of bulk water. Our results suggest
that the coordination number (CN) for both Th(IV) and
NP(IV) should be 9, in accordance to some experimental
and theoretical results from the literature. The structural
values for average oxygen—metal distances are within
0.01 A compared to experimental data, and also within
the experimental error. The calculated AGS, are in very
good agreement with experimental reported values, with
deviations at CN =9 lower than 1% for both Th(IV) and
Np(V). The hydrolysis constants are also in very good
agreement with experimental values. Finally, our method-
ology has the advantage of using a GGA functional
(BP86) that not only makes the calculations more afford-
able computationally than hybrid functional or ab initio
molecular dynamics simulations (Car-Parrinello) calcula-
tions, but also opens the perspective to use resolution of
identity (RI) calculations for more extended systems.
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Introduction

Despite the environmental [1], political and energetic [2] im-
portance of actinides, the basic characteristics, such as ioniza-
tion potential and thermodynamic properties for several ions,
of many actinides are still unknown, due mainly to experimen-
tal difficulties related to their high radioactivity and instability.
Furthermore, their chemical behavior is quite complex since
they have a large number of oxidation states, and by the ap-
pearance of valence 5f orbitals, which are more extended and
less shielded by the outer 6s and 6p, making them more prone
to participate in bonding than 4f orbitals [3].

It is important to note that understanding the behavior of
actinides in aqueous solution is important to the separation
and long-term storage of nuclear waste. In particular, studies
are still needed on actinides (IV) such as Neptunium and
Thorium [4, 5]: Np is considered to be the most problematic
actinide [6] due to its high solubility and mobility, whereas the
main interest in Th lies in its potential as a source of nuclear
fuel [7].

The experimental study of the aqueous chemistry of Th(IV)
and Np(IV) requires knowledge of their hydrolysis, which is
very complex for Th(IV) due to colloid or polymeric species
even at low concentrations [8§—10] , and for Np [11, 12] due to
complex redox, solubility and sorption behavior to hydrologic
processes. Since both Np(IV) and Th(IV) are strongly hydrat-
ed due to their high charge to ionic radius ratio, elucidation of
their aqueous hydration environment is necessary to under-
stand their aqueous chemistry.
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Nevertheless, there is huge experimental uncertainty re-
garding the number of water molecules present in the first
hydration shell (i.e., the coordination number) for Th(IV)
and Np(IV), and also for the hydrolysis constants of Th(IV):
the coordination numbers (CN) of Np(IV) and Th(IV) have
been studied by X-ray experiments, and were estimated to be
811 for Th(IV) [13-16] and 8-12 for Np(IV) [11-18], while
theoretical calculations suggest 9—-10 [19-21] for Th(IV) and
89 [22, 23] for Np(IV). In turn, the hydrolysis constants for
Th(IV) varies significantly in the literature [9], sometimes
more than three orders of magnitude, and, to the best of our
knowledge, there is no relativistic density functional calcula-
tions for hydrolysis constants of Th(IV).

First principles theoretical calculations are an alternative
means of obtaining structural, thermodynamic and chemical
properties of actinide ions in the condensed phase [24-26]. In
this work, we investigate the structural properties of the hy-
dration shell and thermodynamics of solvated Np(IV) and
Th(IV) ions by first principles in order to address preferred
CN, molecular structure, binding energies and Gibbs free en-
ergies of solvation. The aim was to obtain results at affordable
computational costs using a GGA functional,
pseudopotentials, cluster-continuum models and metropolis
algorithm to generate initial structures.

Computational details

It was necessary to obtain good starting geometries for the
clusters before performing the quantum chemical calculations,
and these geometries were obtained through Monte Carlo
(MC) simulations. The MC simulations were performed using
standard procedures [27] for the Metropolis sampling tech-
nique in the isothermal-isobaric NpT ensemble. All simula-
tions were performed using the program DICE [28]. In both
simulations, the Th** and Np** ions were surrounded by 1000
water molecules at a pressure of 1 atm and temperature of
298 K. After a long equilibration of 1 x 10® steps, the MC
simulations were performed with 2 x 10® steps.

In MC simulations, molecules interact via Lennard-Jones
(LJ) potential. The LJ parameters [20, 29, 30] were kept fixed,
and are presented in Table 1. Since the interaction coefficients
for Np(IV) and U(IV) are similar [9], and they have also sim-
ilar hydration behavior [22, 31], we adopted in the simulation
the U(IV)’s LI parameters for Np(IV).

All calculations at DFT level were performed with the
TURBOMOLE v6.3 program package [32] with the BP86
[33-35] exchange-correlation functional due to its good
unscaled frequencies [36] and computational performance
compared to hybrid functionals. The m5 grid quadrature was
employed for the numerical XC term, and entropy calculations
were carried out for T=198.15 K and p=0.1 MPa. All mo-
lecular structures were optimized without any constraints, and
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Table 1 Intermolecular parameters for Lennard-Jones (LJ)
intermolecular potential used in Monte Carlo (MC) simulation for water
molecules and ions Th** and Np**

Specie Atoms qr &1 o1
H,0 0 -0.8476° -0.8476° 3.165°
H 0.4238* 0.000 0.000
H 0.4238* 0.000 0.000
Th** Th +4° 0.080° 2.000°
Np** Np +4° 0.17392181° 3.500°

# From Berendsen, Grigera and Straatsma [29]
° From Yang, Tsushima and Suzuki [20]
¢ From Li, Song and Mertz Jr [30]

frequency calculations were performed numerically to ensure
that structures were local minima and to obtain thermochem-
ical corrections. For Th and Np, the small core scalar relativ-
istic ecp-60-mwb pseudo potentials and their corresponding
ecp-60-mwb-gencont basis set were employed [37-39],
whereas for O and H, the def-TZVP [40] basis set was used.
The spin-orbit (SO) effects were neglected in all calculations
as recent studies showed SO to be negligible [41, 42], and all
binding energies were corrected by counterpoise scheme [43]
although the BSSE of these systems were reported as small
[23, 44].

The atomic radii employed at COSMO PCM calculations
for thorium (IV) [45] and neptunium (IV) [46] were 114 and
128 pm, respectively. For O and H, the recommended values
[47, 48] of r of 172 and 130 pm were used.

It is known that dielectric continuum models alone will not
give accurate predictions of solvation free energies of charged
species due to strong solute—solvent interactions [49, 50]. In
order to overcome this limitation, part of the solvent was treat-
ed explicitly by the thermodynamic cluster cycle [51-53]
depicted in Fig. 1. In this cluster cycle, a cluster of n water
molecules reacts with the ionic solute.

The quantum chemical calculations for hydration
(solvation) also followed the strategy proposed by Wiebke
et al [44], and is presented in Fig. 2. First, gas phase molecular
optimizations, frequency and gas phase binding energies D, of
MY(H,0),]* considering h=9 and 10, and M = Th and Np
were performed from geometries obtained from the MC step.

AG, g (ID = AG™

AmE (H,0)h (g —=Z—— [A(H,0),]™"

(9) +

AG” goly(A™) AG" 5olv((H,0)n) AG*5oly([A(H20)n]™)

Am (H,0)h (o) ———> [A(H,0),]™

RTIn([H,01/h)

*
(aq) (aq)

Fig. 1 Thermodynamic cluster cycle for the calculation of AGgy (A™)
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Fig. 2 Computational strategy to
obtain the Gibbs free energy on

hydration for Th** and Np** A
(adapted from [44]) -hE SCRF
(H20)p M4+(g) + (Hzo)h (aq)Z Do
SCRF energy: gas phase
structure s
M4 g + (H20)h (aq)y——— [M(H20)nI™ (g)
SCRF energy: water phase SCRF
structure E
Do+ AEST  _pj+ ESORF [M(H20)n]*" (aq)
1Y TA_E_” ______________ v SCREF energy: gas phase
AE, structure \
+
R R CE R R [M(H20)n]™ (aq)
SCREF energy: water phase
structure

Hydration energies AEy and Gibbs free energies of hydration
were approximated by single-point energies for constrained
gas phase structures within COSMO [54] self-consistent reac-
tion field (SCRF).

Equation 1 [55] (see also the thermodynamic cycle in
Fig. 3),

ARG hydrat, ag = AC’OX~h3'tirat-,g + AAG*, + AG™™ (1)

where
AAG*y, = AG*,q, ([M(OH)(Hzo)h]3+>

+ AG*solv(H* )—AG*501V( [M(H2O)h]4+>
(2)

, used to obtain the hydrolysis constants, represents how the
free energy of the xth reaction step, AAG*, hydrat, aq» Can be
written as the sum of the gas phase deprotonation energy
(AGox,hydrat,g), the differential solvation free energy
(AAG*4,,) and the standard state correction[S5, 56] term
(AG 0 — * ), where the AG 0 — * value for 9-fold coor-
dination [57] is —12.43 kJ mol ..

AG ox,hydrat, g + AG 0

4+ 4
[M(H20)] © [M(OH)X(HZO)h-x](;) + H+(g)
AG*soI\;+ AG*solv AG*solv (H)
(IM(H20),]*) [M(OH),(H20)p..J**
M(H,0), 1** — 3 [M(OH)(H,0).,.J%* +
[M(H20)x] (0 MG 2 [M(OH),(H20)5, x](aq) t H g

Fig. 3 Thermodynamic cycle used for calculation of Log(K) for Th**
hydrolysis

Since the Gibbs free energy for the hydrolysis reactions [9]
for Th(IV),

[Th(H,0)5,]*" = [Th(OH) (H,0),,]** + H* (3)
[Th(H,0)4,]*" = [Th(OH), (H,0),,] " 2H* (4)
[Th(H,0),,]*"=[Th(OH),(H,0),,] " + 3H" (5)
[Th(H,0)5,] = [ [Th(OH), (H,0),] + 4H" (6)

were calculated using the thermodynamic cycle [55] presented
in Fig. 3, so a relevant question about the solvated proton
presented in these four reactions shows up. The protons on
equations 3—6 are in fact solvated ions, which could be a
Hs50," (Zundel complex ion [58]), or H;O". The solvation
energies for HsO," and H;O" differ by 43 kJ mol ', so we
decided to use the experimental value [59] 0f 265.9 kcal mol ™
for the proton free energy of solvation.

Results and discussion

Initially, we considered primary coordination numbers as 8, 9
and 10 for Np(IV) and 9 and 10 for Th(IV) based on results
obtained from theoretical studies [19-23]. Since we could not
find a structure free of negative frequencies for [Np(OH,)s]**,
we focused the first hydration shell with CN =9,10. Structural
data obtained from DFT minimizations that gave best concor-
dance to experimental data are presented in Table 2. The in-
clusion of water dielectric through COSMO lowers the aver-
age BP86/ecp-60mwb/def-TZVP bond lengths from 2.54 to
2.47 A for Th(IV), and from 2.47 to 2.39 A for Np(IV). Both
results in the first solvation shell for <rm-O > average dis-
tances are within 0.01 A compared to experimental data, and
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Table 2 Average BP86/ecp-

60mwb/def-TZVP < r,,-O > bond Complex <r,,-O> BP86/ ecp-60mwb BP86/ ecp-60mwb Experimental
lengths (in A) for [Th(H,O)]** def-TZVP (gas phase) def-TZVP (COSMO)

and [Th(OH)(H,0)s]*" in

comparison with experimental [Th(H,0)o] ™ Th-O 2.54 2.47 2.46+0.02*
values [Np(H;0)]** Np-O 247 2.39 240£0.01°

#From Moll et al. [14], and Neck and Kim [9]

® From Neck and Kim [9]

also within the experimental error. This seems to indicate a
preference for a 9 coordinate environment for both Np(IV)
and Th(IV). Our findings are in agreement with experimental
[60] and previous theoretical results from Tsushima and Yang
[61], but are in contrast with the conclusions drawn by Clark
and co-workers [23], who found a thermodynamic preference
for the 8-coordination species.

The (negative) zero point energy (ZPE)-corrected gas
phase dissociation energies for reaction [M(OHz)h(g)]4+—>
M<g)4+ + (OHy)y() (see also Fig. 4a) were calculated according
to the thermodynamic cycle of Fig. 1, and the computational
scheme of Fig. 2. As expected, the dissociation energies are of
the same order of magnitude of corresponding values [44, 57]
for actinide(III), and more negative (Table 3). The dissociation
energy shows a smooth increase when one moves from Th(IV)
to Np(IV): for h=9, the D, increases by 239.48 kJ mol !
while for h=10 the increase is 246.59 kJ mol '. The Dy
difference for Th(IV) when the CN increases from 9 to 10
increases by 132 kJ mol ™, while the corresponding value for
Np(IV) increases by 139.77 kI mol'. The solvent contribu-
tion AESSRF increases almost by one order of magnitude less
when one moves from Th(IV) to Np(IV) with values forh=9
and 10 of 27.24 kJ mol ' and 17.15 kJ mol ', respectively.
The interesting point is that the AESRF decreases as one
moves from h=9 to h=10 for Th(IV) by 2.38 kJ mol !, and
the corresponding value for Np(IV) also decreases by
12.47 kJ mol . So, the major contribution for free energy of
solvation should come from the binding energy.

Now it seems convenient to make some comments about
the limitations of the cluster continuum model: within this
model, it is possible to include incorrect orientations of water
molecules near the dielectric boundary, as well imprecise eval-
uation of entropic effects of hydrogen bounded complexes.
These problems were minimized in this work by including
the first (and second solvation shells for the calculation of
hydrolysis constants) by MC methods, and by using
hydrogen-bonded complexes of similar size in both sides of
the thermodynamic cycle [51], respectively.

The calculated Gibbs free energies of solvation are listed in
Table 4. The values were calculated according to equations,

AGY,, = AHY-TAS)=AEL-TAS’ (7)
and
AEy — Do + AESCRF

Dy + ESCRF ( [A(H20)11]4+> ~ BSR((1,0),). (8)

We had to approximate AH by AE since An,""H’ data is
neither available from experiment or could not be obtained
from quantum chemical calculations. The AG 0 Solv show
better accordance for h=9 when compared to experimental
data [62—64]. Since AG 0 Solv decreases with CN, we also
would expect that a Np(IV)’s hypothetical value for h = 8&—we
could not find a structure free of small negative frequencies for
h = 8—would be close to that reported by Clark et al. [23]. The
differences at CN =9 are lower than 1%: they are 24 and

Fig. 4 Representative BP86/ecp-
60mwb/def-TZVP optimized
geometries for the 1st and 2nd
solvation shell structures a
[M(H,0)s]* (M =Th or Np) and
b [Th(H,0)30]"*

B)
'8
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R
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Table3  Zero point energy (ZPE)-corrected negative gas phase binding
energies (—Dy) and differences in self-consistent reaction field (SCRF)
stabilization energies AESRT between [A(HZO)},]4+ and (H,O),, (in kJ
mol 1)

Table 5 Calculated hydrolysis constants (log K) for [Th(l-120)30]4+
reactions for formation of hydroxide complexes using reactions 3—6
(see text for details) at 298.15 K in comparison to experimental data
with [=0

Ion -Dy AESCRE Reaction number Log K (BP/def-TZVP) Log K (experimental)
h=9 h=10 h=9 h=10 3 —2.62 —23+0.1*
-2.1£02°
Th** —3098.81 —3231.47 —2629.22 —2526.84 23.0402¢
Np4+ —3338.29 —3478.06 —2656.46 —2543.99 31403¢
4 -9.89 -5.8+0.2°
—6.6+0.2°
58 kJ mol ™' for Th(IV) and Np(IV), respectively. Regarding 5 -8.30 -9.3+0.4¢
the question about the coordination numbers: from Tables 2 —11.4°
and 4, the value for both Th(IV) and Np(IV) that is both 6 -17.26 -15.9+0.3¢
reasonable and consistent vis-a-vis experimental results is 9. -13.6+£0.4
The hydrolysis constants for Th(IV) are difficult to deter- -17.0£0.5°

mine experimentally since they vary with the ionic strength
(I), and also because several species appear even at low pH,
resulting in complex interconnected equilibria [9]. In general,
these constants are obtained [65] in a semi-empirical way and
extrapolated to [ =0. On the other hand, accurate theoretical
equilibrium constants are also a four de force to be obtained,
since a change of only ~5 kJ mol™' (approximately
1.2 kcal mol ') in AG changes logK by a unit. So it is sensible
to expect that an error of 2-3 logarithm units is a very good
result due to all the approximations involved in the
calculations.

The calculated hydrolysis constants are presented in
Table 5, as well corresponding experimental [10, 66—69]
available data for I = 0. The calculations followed the thermo-
dynamic cycle presented in Fig. 3 (see also Fig. 4b), and
results show very good agreement, except for reaction 4,
where the constant deviates 3 logarithm units. In addition to
the complex equilibria, the hydrolysis constants are also de-
pendent from temperature, concentration and counter ions pre-
sented in solution [9]. Concerning the theoretical calculations,
even the third solvation shell could be important. Probably, the
deviation can be credited mainly to the formation of polymeric
species [8], but more research should be done in order to
obtain a satisfactory explanation.

Finally, this methodology uses only a GGA functional in
all first principles calculations. This opens the perspective to

#From Brown, Ellis and Sylva [66]

® From Ekberg et al. [10]

¢ From Baes and Mesmer, and Baes; Meyer; Roberts [67, 68]
9 From Grenthe and Lagermann [69]

use RI techniques [70] to include a third hydration shell to
obtain better hydrolysis constants, or to include polymeric
species and formation of colloidal nanoparticles with actinide
(IV) systems. The errors associated to RI are usually small
[71], and could be minimized by error cancellation when
one performs the energy differences into the thermodynamic
cycles, and further investigation is ongoing in this direction.

Conclusions

The study of basic thermodynamic properties is important to
reproduce experimental data, and to produce reliable predic-
tions as well. In this study, we investigated gas phase and
condensed phase structures, binding energies, hydrolysis con-
stants, structural parameters, and Gibbs free energies for
Th(IV) and Np(IV) at [M(OHz)h]4+ with values of h=8
(Np), and 9, 10 (Th and Np) or 30 (Th) using mixed cluster
continuum model at BP86/ecp-60mwb/def-TZVP level of
theory with starting geometries generated through MC

Table4 Calculated AG2, (inkJ
mol ) for Th** ¢ Np** with Ton

AGL,, (theoretical, this work)

AG2,, (theoretical) AGS, (experimental)

different CN numbers (/)

h=9 h=10
Th** 5836 5873 -6100° —5860°
Np** -6108 -6133 6494 2,6069° —-6050°

#From David and Vokhmin [46]

®From Clark et al. [23], with h=8

¢ From Bratsch and Lagowski [62], Marcus and Loewenschuss [63], and Chopin and Jensen [64]
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methods. Our results suggest that, for both ions, the CN
should be 9, and for solvation Gibbs free energy the first
hydration shell is sufficient. There is very good agreement
with available experimental structural data and Gibbs free
energy of solvation. There is also good agreement regarding
hydrolysis constants at I=0.

Finally, this methodology opens a perspective to use RI
techniques for future calculations with a third hydration shell,
or to include polymeric species and formation of colloidal
nanoparticles with actinide (IV) systems.
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