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ABSTRACT: The presence of counterions in solutions containing highly
charged metal cations can trigger processes such as ion-pair formation,
hydrogen bond breakages and subsequent re-formation, and ligand exchanges.
In this work, it is shown how halide (Cl−, Br−) and perchlorate (ClO4

−)
anions affect the strength of the primary solvent coordination shells around
Th4+ using explicit-solvent and finite-temperature ab initio molecular dynamics
modeling methods. The 9-fold solvent geometry was found to be the most
stable hydration structure in each aqueous solution. Relative to the dilute
aqueous solution, the presence of the counterions did not significantly alter the
geometry of the primary hydration shell. However, the free energy analyses
indicated that the 10-fold hydrated states were thermodynamically accessible in dilute and bromide aqueous solutions within 1
kcal/mol. Analysis of the results showed that the hydrogen bond lifetimes were longer and solvent exchange energy barriers were
larger in solutions with counterions in comparison with the solution with no counterions. This implies that the presence of the
counterions induces a strengthening of the Th4+ hydration shell.

■ INTRODUCTION

The elucidation of the competing effects of counterions on the
hydration shell structure and dynamics of highly charged metal
ions in solution, particularly concentrated solutions, is
important in its own right: (i) the opposite polarities of the
metal cation and the counterions result in Coulomb attractions
lead to increased metal ion activity such as ion-pair formation;
(ii) counterions can enhance or weaken the hydrogen bond
(HB) network between the solvent molecules in the vicinity of
the metal ion, and the HB enhancement or weakening
subsequently tightens or loosens the solvent geometry around
the ion. A direct consequence of (ii) is the prolonged or
shortened mean HB lifetimes of the solvent molecules. The
latter consequence is equivalent to decreased (prolonged HB
lifetime) or increased (shortened HB lifetime) ligand exchange
rate. Collectively, all the above-mentioned effects are major
factors in the reactivity of the metal ion in solution.
Early work by Choppin1,2 asserted that as the electrolyte

concentration increases, the changes in water coordination are
primarily driven by whether or not the counterion was located
in the first or second hydration shell. It was rationalized that the
coordination numbers of actinide and lanthanide metal cations
increase when the counterions are located in the secondary
shell and decrease when the counterions are located in the
primary shell. However, recent finite-temperature, explicit-
solvent ab initio molecular simulations of the Cm3+ ion in
concentrated solutions containing Cl− and Br− and ClO4

−

anions3 suggested that Choppin’s assertion is not necessarily
true. Rather, it was observed that changes in the coordination
number of Cm3+ were dictated by the dynamics of the
hydrogen bonds between the solvent−solvent and solvent−
counterion pairs. Specifically, the simulations revealed that Cl−

and Br− tightened the primary hydration shell of Cm3+ by
polarizing its hydrogen bond network (associated with long
mean HB lifetimes), whereas bulky and weakly polarizing
ClO4

− weakened the hydration shell (associated with reduced
mean HB lifetimes).
Though the observed counterion effects on the hydrated

Cm3+ ion provided deep molecular level insights into the
solvent shell geometry and hydrogen bond kinetics, it was not
obvious whether the effects were generic for metal ions or
specific to Cm3+. This motivated us to examine counterion
effects in another actinide metal ion in solution. Actinide ions
were considered because understanding their interaction with
the surrounding environment, particularly their speciation in
aqueous environments, is a key aspect of toxic waste
remediation. Specifically, a detailed atomistic scale under-
standing actinide ion speciation in aqueous systems is
important as it directly affects the ion’s transport, reactivity,
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bioavailability, and hence, its potential human and environ-
mental risk.4

In this work, we focus on the tetravalent thorium cation
(Th4+) in solution. Thorium has attracted a lot of commercial
attention because its fuel cycle provides an attractive way to
produce long-term nuclear energy with low radiotoxicity
waste.5,6 In this regard, a more thorough understanding of
Th-related waste in the environment not only is of fundamental
interest but also is potentially relevant to determining its
environmental fate and transport. The choice of Th4+(aq) is
motivated by lack of a coherent picture in describing its
hydration shell from experimental measurements. Furthermore,
Th4+ is the largest (in terms of ionic radius) stable +4 metal ion
in solution,7 and its relatively large pKa of approximately 3
(implying that it is fairly resistance to hydrolysis) makes it a
suitable model for probing the solvent shell structure of highly
charged actinide ions in solution.8

Different experimental probes have yielded different results
for the hydration shell structures of Th4+ in solution. Extended
X-ray absorption spectroscopy (EXAFS) experiments have
reported primary hydration numbers of 9.8 (0.05 M Th4+ in 0.5
M HClO4),

9 10 ± 1 (0.05 M Th4+ in 1.5 M HClO4),
10 12.7

(0.05 M Th4+ in 1.5 M HClO4),
11 and 9 (0.54 M Th4+ in 3.16

M HClO4).
8 The average Th−O distance from these EXAFS

measurements were 2.44−2.45 Å. Large angle X-ray scattering
(LAXS) experiments indicate that the primary hydration
numbers of Th4+ in HClO4

8,12 and Cl12 solutions are 9 (0.54
M Th4+ in 3.16 M HClO4), 8 ± 0.5 (0.99 M Th4+ in 5.04 M
HClO4), and 10.5 (1.85 M Th4+ in 7.40 M Cl), respectively
(the average Th−O distances in HClO4 were 2.468 and 2.48
Å;12 in HCl it was 2.51 Å12), with the formation of inner sphere
complexes in chloride solution. A recent high energy X-ray
scattering (HEXs) study on [Th(OH2)10]Br4 crystal dissolved
in water indicated that Th4+ was surprisingly homoleptic, that
is, no formation of metal−anion pairs, with a primary hydration
number of 10.1 and an average Th−O distance of 2.46 Å.13 The
HEXs experiment was based on 278 mg of Th(H2O)10Br4 in
0.5 g of water at room temperature. This translates to Br and
Th concentrations of 2.7 and 0.65 M, respectively. To
summarize, there are large uncertainties in the experimental
data for the primary hydration number of Th4+ in aqueous
solution whereas the first shell Th−O distances match quite
well.
On the theoretical side, the results are mixed as well.

Different coordination numbers in the 8−11 range and Th−O
bond distances in the 2.45−2.54 Å range have been
reported.14−18 A bulk of these calculations is based on classical
molecular simulations and/or static ab initio geometry
optimizations of Th4+ hydrates in a parametrized polarizable
continuum models. However, it can be quite challenging for
parametrized force fields to accurately capture the strong
polarization and other chemical interactions of the surrounding
water molecules near highly charged metal ions, e.g., a +4 ion.
On the contrary, ab initio molecular dynamics (AIMD)
significantly accounts for many-body physical and chemical
interactions and is therefore the most accurate route to
predictive modeling of highly charged ions in aqueous systems.
Spezia et al. used AIMD to study the equilibrium hydration
shell properties17 and free energy landscape of the coordination
states of Th4+ in dilute solution.18 Their AIMD simulations of
Th4+ in dilute solution indicated the 9-fold coordinated state is
the most stable state. They employed the single sweep
method19 to model the free energy landscape of the Th4+

coordination and concluded the 10-fold coordinated state
might be thermodynamically accessible with a small energy
barrier;18 the results are compared to our Th4+ ion coordination
free energy results using metadynamics.20,21

■ COMPUTATIONAL METHODOLOGY

To obtain a parameter-free description of the of Th4+

coordination in different aqueous environments, four inde-
pendent AIMD simulations in the canonical ensemble at 300 K
have been carried out for Th4+ and ThX4 (X = ClO4, Cl, and
Br) dissolved in 64 water molecules in a periodic cubic unit cell
with the dimension 12.4172 Å (the density of water ≈1 g/cm3).
The concentration of Th4+ in each system is 0.86 M; the
concentration of counterions in each ThX4 system is 3.44 M.
For the single Th4+ ion solution, i.e., when no counteranions
are present, the charge at the metal center is neutralized by a
uniform background charge of opposite sign: this is the so-
called infinite dilution limit (hereafter, we refer to this system as
the “dilute solution”).22 The goals of these simulations are to
probe the role of counteranions on the geometry of the solvent
shell of Th4+, as well as the thermodynamic accessibility of the
different coordination states (as characterized by the hydration
number) and the dynamical factors which drive the changes in
hydration numbers. In probing changes in the ion’s first shell
coordination number, we are essentially probing ligand
exchange between the first shell and the bulk solvents.
The simulations were based on gradient-corrected (PBE)

density functional theory23,24 and the Car−Parrinello molecular
dynamics (CPMD) algorithm25 as implemented in the
NWChem computational chemistry code.26 The free energy
landscape characterizing the Th−O coordination in each
system was computed using metadynamics.20,21 Metadynamics
accelerates the sampling of the Helmholtz free energy
landscape by biasing the dynamics with an external history
(i.e., time-dependent) potential that slowly fills the free energy
landscape along a few prechosen collective variables (CVs).
Here, a single CV was used to describe the energy landscape:
the primary coordination number of Th with respect to O as a
differentiable function of the atomic coordinates.27 Additional
computational details and parameters are available in the
Supporting Information.
A recent theoretical study on liquid water28 has shown that

the BLYP functional29,30 (with and without Grimme dispersion
corrections31) yielded liquid water data consistent with
experiment. Thus, additional simulations with the BLYP
functional29,30 and BLYP plus Grimme dispersion corrections31

(Grimme2) were performed to assess the role of the BLYP
functional and long-range dispersion effects for each species
considered here.

■ RESULTS AND DISCUSSION

I. PBE Simulations: Metadynamics Free Energies and
Hydrogen Bond Lifetimes. The discussions in this section
pertain simulations performed with the PBE functional at 300
K. Figure 1 depicts a snapshot of the solvated Th4+ ion in the
presence of four ClO4

− anions from the dynamical trajectory;
the solvent−solvent and anion-solvent hydrogen bonds are also
depicted (see Supporting Information for the hydrogen
bonding criteria). The equilibrium properties of each system
are reported in Table 1. The first shell Th−O bond distances of
2.48−2.50 Å agree well with prior experimental theoretical data.
The equilibrium coordination number is 9, which agrees well
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with the experimental average.5−10 The geometry of the nine
solvent molecules around the ion is a trigonal tricapped prism
(see Figure S4 and section 3.2 in the Supporting Information);
this structure has been seen in perchlorate solution.5

At first glance, the first shell properties in the absence or
presence of counterions are nearly the same. However, a closer
examination of the radial distribution function indicated that
the solvent molecules are slightly less structured around the ion
in Th(ClO4)4 (see Figure S3 and section 3.1 in the Supporting
Information). On average, the Cl− and Br− counterions are
located at the edge of the second shell (cf. r3 in Table 1), while
ClO4

− remains in the bulk. The presence of the counterions
caused small contractions in the second shell Th−O bond
distance compared to the dilute solution (cf. r2 in Table 1).
Although the average number hydrogen bonds per solvent
molecule reported in Table 2 is nearly the same in each
solution, significant differences in the average number of
hydrogen bonds formed between the anions and water can be
observed. Cl− and Br− ions tend to form a well-structured
coordination shell (five hydrogen bonds), whereas the ClO4

−

form 2 fewer bonds, implying that ClO4
− coordinates weakly

with water. The reported average number of Br·····H hydrogen
bonds ncHB = 5.2 and corresponding average hydrogen bond
distance rcHB = 2.32 Å (cf. Table 1) are in good agreement with

HEXS experimental values of ncHB = 6 and rcHB = 2.30−2.38 Å,
respectively.13

In Figure 2, the simulated Th4+ LIII edge k
3 weighted EXAFS

spectra of Th(ClO4)4, k
3χ(k) is shown, with the experimental

data (Th(IV) in 1.5 M HClO4)
10 superimposed for purposes of

comparison. The simulated spectrum was obtained using the
MD-EXAFS method,32 which comprises the computation of
the spectral average of several snapshots along the molecular
dynamical trajectory. The EXAFS spectra of individual
snapshots were computed using the ab initio scattering code
FEFF.33 The simulated data match fairly well with the
experimental oscillating frequencies and amplitudes up to k =
9 Å−1. Beyond this value of k, there are some discrepancies
stemming from finite size effects; e.g., the simulation employed
a single absorber whereas experimental data are based on
multiple absorbers. In the bottom panel, the modulus, |χ(̅R)|, of
the Fourier transform of k3χ(k) is depicted. Again the

Figure 1. Snapshot of the solvent shell structure of Th4+ (green atom)
in aqueous solution with ClO4

− anions (cyan and gold atoms). The
broken lines denote the hydrogen bonds between the solvent
molecules; solid blue bonds denote hydrogen bonds between ClO4

−

and the solvent molecules.

Table 1. Equilibrium Structural Properties of Th4+ and Th4+ + 4X− (X= ClO4, Cl, Br) in Solution at 300 K (Distances in Å,
Angles in deg)

r1
a N1

b θtilt
c r2

d N2
e nHB

f r3
g ncHB

h rcHB
i

Th4+ 2.50 9 25 4.70 16 3.4
Th(ClO4)4 2.49 9 25 4.63 14 3.5 7.2 3.1 1.90
ThCl4 2.50 9 25 4.64 14 3.6 5.5 5.3 2.20
ThBr4 2.49 9 22 4.65 15 3.6 5.8 5.2 2.32

ar1 is the average first shell Th−O distance in Å. bN1 is the average primary hydration number. cθtilt is the average first shell tilt angle. The
computation of θtilt is in the Supporting Information. dr2 is the average second shell Th−O distance in Å. eN2 is the average second shell hydration
number. fnHB is the average number of HB per solvent molecule. gr3 is the average Th−anion distance in Å (in the ClO4

− anions, Cl was used). hncHB
is the average of number HB per anion. ircHB is the average anion···H hydrogen bond distance in Å (in the ClO4

− anions, O was used).

Table 2. Free Energy Difference ΔAX→Y (kcal/mol) between
Initial Coordination State X and Final State Y at 300 K

ΔA8→9 ΔA9→10 ΔA10→11

Th4+ −5.97 0.87 11.89
Th(ClO4)4 −6.94 5.00 13.19
ThCl4 −2.84 3.25 11.84
ThBr4 −6.96 1.19 7.27

Figure 2. Comparison of the simulated EXAFS spectra (top panel)
and corresponding Fourier transform (bottom) with experimental data
(ref 10).
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agreement between theory and experiment is fair. It should be
noted that the experimental EXAFS data correspond to a 10 ±
1 coordinated first shell10 whereas the simulated data
corresponding to an 9-fold first shell have a slighly smaller
envelope. We note that EXAFS measurements are not very
sensitive to small changes in the coordination number.
Figure 3 depicts the converged free energy landscape

characterizing different coordination states. To achieve

convergence, the first-principles metadynamics simulations
were carried out for a long time scale of 0.1−0.15 ns using a
small time step of 0.12 fs (see Figure S6 and section 3.3 in the
Supporting Information for proof of convergence).
According to Figure 3, the most stable state in each system is

the coordination number 9, which, as expected, is in agreement
with the regular molecular dynamics run. The 8 → 9, 9 → 10,
and 10 → 11 Helmholtz free energy differences are reported in
Table 2. With the free energy differences ΔA, in Table 2, the
relative proportions of the 8, 9, 10, and 11 coordination
numbers in each system were estimated from [N + 1] =
[N] exp(−ΔAN→N+1/(kBT)), where N = 8, 9, 10, and [8] + [9]
+ [10] + [11] = 1; the results are summarized in Table 3. As

expected, coordination number 9 is dominant. The Th4+ in
dilute solution result of the 9-fold coordination state being
more stable is in accordance with recent AIMD simulations by
Spezia et al.18 They found that the other possible stable state is
the 10-fold coordination state with the free energy difference
between the two states is 3 kcal mol−1 and the corresponding
barrier is 4 kcal mol−1. The current simulations yielded the free
energy difference between the two states is 0.9 kcal mol−1 and a
barrier of 4.4 kcal mol−1. Hence, our free energy results for
Th4+ in dilute solution yield results similar to those of Spezia et
al.18

Regarding the results for ThX4 (X = ClO4
−, Cl−, and Br−),

the 9-fold coordinated state was the most stable and dominant
state (cf. Tables 1 and 2). There is, however, a small population

of coordination number 8 states present in Th(ClO4)4 and
ThCl4, whereas there is a non-negligible proportion of the
coordination number 10 state in dilute solution (19%) and the
bromide solution (12%). According to HEX experiments, the
coordination number of Th4+ in HBr solution is 10, and no
Th−Br ion pairs are formed.13 Although our results indicate
that the dominant coordination of Th4+ in ThBr4 is not 10, we
have shown that the coordination 10 state is within 2kBT from
the coordination 9 state in ThBr4 (ΔA9→10 = 1.19 kcal/mol ≈
2kBT) and, therefore, it is thermodynamically accessible. The
origin of the difference between the theoretical (9-fold) and
experimental (10-fold) observed coordination numbers for
ThBr4 is not very clear. The ΔA9→10 is pretty small for ThBr4
(in contrast to the larger values for ThCl4 and Th(ClO4)4),
rendering the possibility of a coordination 10 state likely in an
equilibrium simulation. This energy difference is small enough
to be affected by finite size and/or density functional effects.
Changes in coordination number essentially constitute a

ligand exchange. Ligand exchange is the most fundamental
measure of an ion’s reactivity in solution. However, if the free
energy of the transition state is larger than that of the reactant/
product, then the exchange rate will be slower. The activation
barrier ΔA‡ between successive coordination states in Figure 3,
may be used to characterize associative 9→ 10 exchange (A) or
dissociative 9 → 8 exchange (D). On the basis of only the
lowest activation barrier, the A mechanism is preferred in dilute
solution; in Th(ClO4)4 D is preferred; and in ThBr4 and ThCl4
both A and D are likely. The A mechanism is clearly preferred
in dilute solution and ThBr4, and the D mechanism is preferred
in Th(ClO4)4. In ThCl4 both the A and D mechanisms seem
likely.
Water exchange reactions between the first shell and the bulk

involve the breakage and subsequent re-formation of hydrogen
bonds (HBs). The bond breakage and re-formation rates are
related to the characteristic bond survival times. In very simple
terms, a large exchange reaction barrier implies that the
exchanging solvent molecules form HBs that persist for
relatively long times, whereas a low exchange reaction barrier
implies HBs with relatively short lifetimes. In an attempt to
validate the predicted exchange mechanisms, we computed the
HB lifetimes from the HB survival time correlation function
S(t) (Supporting Information).34−40 S(t) measures the
probability an HB formed between a pair molecules initially
at time t = 0 remains continuously alive up to time t > 0. Thus,
S(t) is the history-dependent41 probability distribution of the
“first HB breaking times” of each initially hydrogen-bonded
molecular pair. The characteristic decay time constant, τ, of S(t)
is interpreted as the average HB lifetime (Supporting
Information). Using the fully equilibrated trajectory for each
system, we computed S(t) for the following molecular pairs: (i)
first shell solvent molecules (those water molecules coordinated
with Th4+) and all other molecules/counterions; (ii) counter-
ions and all solvent molecules.
The top panel of Figure 4 depicts the plots of survival

function S(t)) for the HBs formed between first shell water
molecules and the remaining molecules containing the
remaining solvent molecules plus counterions for the PBE
functional. The plot in the bottom panel corresponds to the
anion−solvent pairs. The associated mean lifetimes τ1 and τ2
for the PBE functional are reported in Table 4. The
corresponding mean decay times τ1 reported in Table 4 are
smallest in dilute solution. The values of τ1 for the dilute
solution are lower than those for the counterion systems. In

Figure 3. Free energy profiles of each system with the Th4+

coordination with respect to O as the collective variable. The lowest
energy state is set to zero in each profile.

Table 3. Relative Population of 8, 9, 10, and 11
Coordination States in Each System Using the Free Energy
Differences in Table 2

coordination number

8 9 10 11

Th4+ 0% 81.2% 18.8% 0%
Th(ClO4)4 0% 100% 0.0% 0%
ThCl4 0.8% 98.8% 0.4% 0%
ThBr4 0% 88.2% 11.8% 0%
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accordance with Figure 3, we observe that the 9 → 10 and 9 →
8 energy barriers for the dilute solution are lower than those for
the counterion systems. The largest value of τ1, which
corresponds to Th(ClO4)4, may be interpreted as having the
largest exchange reaction barrier. Per Figure 3 this is true in
general, though the plot for Br− solution shows a similar energy
barrier. The plots in the lower panel of Figure 4 show that the
lifetime of the HBs between the counterions and all solvents.
The associated mean lifetimes τ2 are reported in Table 4.
Clearly, τ2 for Cl

− and Br− and the solvents are much longer
than those of ClO4

−. The longer HB lifetimes around Cl− and
Br− are not surprising as experimental measurement of their
aqueous solutions have indicated that their mean first shell
water residence times are much longer compared with those of
neat liquid water, implying that the aqueous solvation shells of
these ions are sufficiently rigid.20 ClO4

−, however, coordinates
weakly in solution.21

Interestingly, ClO4
−, despite its weak coordination in

solution, yields the longest mean first hydration shell HB
lifetime. It is worth noting that the ClO4

− ions hardly diffused
from their initial local neighborhood during the simulation (see
the top panel of Figure S7 in the Supporting Information). To
probe the potential dependence of the hydrogen bond lifetimes
on the relative position of the ClO4

− ions, we carried out
another simulation where the ions were placed in the second
shell. The first shell water hydrogen bond lifetime τ1 increased
to 7.6 ps (compared to τ1 = 4.1 ps in the original simulation).

Furthermore, as was the case in the original simulation, the
ClO4

− ions stayed in the vicinity of the second shell. The
lifetime increase is potentially due to formation HBs between
the perchlorate oxygen and the primary shell hydrogen. This is
opposite to the effect seen in the hydration of the Cm3+ ion3,
where the presence of the ClO4

− ions decreased (weakened)
the average HB lifetime (the primary hydration shell).
Furthermore, we observed that the presence of ClO4

− ions
increased the equilibrium primary hydration number to 9
relatively to a hydration number of 8 in dilute Cm3+ solution.3

Here no such effect of ClO4
− on the Th4+ hydration number

was observed.
II. BYLP and BYLYP+Grimme2 Dispersion Corrections

Simulations: Hydrogen Bond Lifetimes. Recent theoretical
work on liquid water28 has shown that the PBE functional24

leads to overstructured liquid water at 300 K (i.e., the water
molecules are less mobile), whereas the BLYP functional29,30

(with and without Grimme dispersion corrections31) yielded
liquid water data consistent with experiment. However, it is
entirely possible that a density functional that correctly
describes liquid water correctly may not necessarily describe
the hydration shell geometry and hydrogen bond dynamics of
solvated charged ions correctly, due mainly to the strong
solvent polarization by the electric field of the ion.
To check the sensitivity of our results to the exchange−

correlation functional, we performed additional equilibrium
simulations at 300 K for each system using the BLYP
functional29,30 and BLYP functional + Grimme2 corrections31

and subsequently computed the primary hydration number and
hydrogen bond lifetimes.. The primary hydration number of
Th4+ in these additional simulations was the same as those
extracted from equilibrium simulations for the PBE functional
(i.e., 9 in each case). The hydrogen bond lifetimes for these
simulations are reported in Table 4 together with the PBE
results discussed earlier. Though the relative order of the first
shell solvent mean HB lifetime τ1 among the different solutions
with counterions does vary for a given functional, these
additional simulations show that their τ1 are consistently longer
when compared to that of the dilute solution, validating the key
findings of the PBE simulations discussed above. Furthermore,
Table 4 also shows that the BLYP simulations yielded values of
τ2 that are not different from the PBE values. In particular, this
suggests that the lack of ClO4

− mobility between shells as
discussed earlier is not a functional-dependent issue; it is most
likely due to the fact that ClO4

− is inherently sluggish.

■ SUMMARY
We have simulated the equilibrium solvent shell properties and
the free energy landscape characterized by the coordination
states Th4+ in dilute, chloride (Cl−), bromide (Br−), and
perchlorate (ClO4

−) solutions. More importantly, the free
energy differences and activation barriers between neighboring
coordination states were computed using ab initio metady-
namics. Our work indicates that the most stable state
characterized was the 9-fold coordinated state. An important
observation in this work was that in the presence of Cl−, Br−,
and ClO4

− counterions, water molecules in the first hydration
shell had slightly longer hydrogen bond lifetimes compared to
the dilute solution.
Free energy analysis at 300 K using the PBE density

functional indicated the coordination number of 10 is
thermodynamically accessible in dilute solution and ThBr4
solutions. Furthermore, the Cl−, Br−, and ClO4

− anions tend

Figure 4. Distribution of lifetimes of hydrogen bonds between (a) first
shell water ligands and bulk water-and-anions and (b) anions and
water ligands.

Table 4. Mean Hydrogen Bond Lifetimes (ps) for the PBE,
BLYP, and BLYP+Grimme2 Computational Modelsa

PBE BLYP BLYP+Grimme2

τ1 τ2 τ1 τ2 τ1 τ2

Th4+ 2.5 2.4 2.3
Th(ClO4)4 4.1 0.1 3.3 0.1 3.6 0.1
ThCl4 3.0 1.1 3.8 1.6 2.3 0.6
ThBr4 3.2 0.9 4.8 0.6 4.7 0.4

aτ1 is the lifetime for the first shell water−bulk water + anion pairs and
τ2 is the lifetime for the first shell water−anion pairs.
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to slow down the first shell ligand exchange rate; this is
supported by a qualitative agreement between the exchange
barriers and the average hydrogen bond lifetimes between the
first shell solvents and remaining solvents and anions. In
general, it is found that all three counterions made the first
coordination of Th4+ more structured by enhancing the first
shell HB lifetime. Similar strengthening of the primary shell and
slow ligand exchange rate by Cl− and Br− counterions have
been seen in the hydrated Cm3+ ion.3 This observation was
further validated with equilibrium simulations at 300 K using
the BLYP functional and BLYP functional with long-range
dispersion corrections (Grimme2 corrections).
We believe that counterion effects are very important

chemical effects in highly charged and concentrated solutions
important in separations chemistry taking place in actinide
chemistry processes and in natural geofluid environments that
has been for the most part overlooked. Finally, we stress that
the methodologies and analyses presented here are useful for
characterizing the effects of counterions on the coordination
number and associated thermodynamics and solvent hydrogen
bond dynamics of hydrated metal ions.
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