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Static ab initio and density-functional computations, as well as Car-Parrinello molecular dynamics 

simulations in aqueous solution are reported for [UO2(OH)(2-O2)(H2O)2]- and [UO2(OH)2(1-

O2H)(H2O)]-. Whereas the 1-hydroperoxo isomer is found more stable than the 2-peroxo form in 

the gas phase, the order of stability is reversed in explicit bulk solution . Based on free energies 10 

from thermodynamic integration (BLYP functional), the peroxo form is favoured by ca. 32 kJ/mol 

in water. This stabilisation is discussed in terms of the hydration shells about the individual ligands 

and dipole moments of the complexes in water, and highlights the importance of explicit solute-

solvent interactions and bulk solvation for the speciation of uranyl(VI) compounds. 

 15 

1 Introduction 

The high affinity between the uranyl(VI) ion and peroxide can 

affect nuclear waste management, because hydrogen peroxide 

is generated from water through -radiolysis.1 Not only can 

uranyl peroxides take part in the complex speciation equilibria 20 

whenever -emitters and water are present, such peroxides 

have also been implicated in the enhanced corrosion of spent 

nuclear fuel by seawater.2 Uranyl-peroxo complexes are well 

known in the solid, e.g. in form of the studtite minerals such 

as [UO2(O2)](H2O)4,
3,4 or giant cluster compounds up to 25 

[UO2(OH)(O2)]60
60-.5 The latter have attracted much interest 

of late, contributing to the unabated renaissance of uranyl 

chemistry.6 

 

Uranyl peroxides are insoluble in acidic media, but soluble in 30 

aqueous alkaline solutions.7 The speciation of ternary 

UO2
2+/OH-/H2O2

8 and UO2
2+/H2O2/CO3

2- systems9 in aqueous 

solution has recently been studied using potentiometric and 

spectrophotometric techniques, the former system more 

recently also through quenching of laser-induced 35 

fluorescence,10 the latter through Raman spectroscopy.11 In 

keeping with the tendency of hydroxo and peroxo complexes 

to aggregate and condensate, not only mononuclear, but also 

di- and trinuclear species have been characterised 

spectrophotometrically as a function of pH.8 While the overall 40 

composition of the complexes (including the protonation 

state) can be deduced this way, their precise structure cannot. 

As Grenthe and coworkers note, "it is not possible to 

distinguish between the stochiometry of 

[(UO2)p(OH)q(HO2)r]
2p-q-r and [(UO2)p(OH)q-r(O2)r]

2p-q-r",8 45 

[i.e. whether the complexes contain peroxo (O2
2-) or 

hydroperoxo ligands (HO2
-), see Chart 1], and they further 

state that "additional chemical information, for instance from 

the coordination geometry in solid state structures, has to be 

used to do this". We now propose to use information from 50 

quantum-chemical computations for this purpose.12 

 

Such computations have a long history and are now well 

established for actinide compounds in general, and uranyl 

complexes in particular.13 Because of their relatively 55 

favourable computational expense, methods rooted in density 

functional theory (DFT) are becoming increasingly popular. 

For uranyl-peroxo complexes, recent computational studies 

have focused mainly on hydrated binary complexes of the 

type [UO2(O2)r(H2O)x]
2-2r, calling special attention to their 60 

structural and vibrational14 or their bonding properties.15 

Studtite has also been investigated through periodic DFT 

calculations.16 All of these studies have employed static 

geometry optimisations and, for the molecular species, 

vibrational frequency calculations, with solvation effects 65 

included implicitly through polarisable continuum models 

(PCMs). Potential shortcomings of such PCMs for polar protic 

solvents such as water are well recognised, and specific 

interactions with the solvent (hydrogen bonds) can be 

included by considering microsolvated clusters containing few 70 

explicit water molecules.17 

 

To go beyond the static picture, we have established the use of 

Car-Parrinello molecular dynamics (CPMD) simulations with 

explicit inclusion of the solvent to model a number of uranyl 75 

complexes in aqueous and non-aqueous solutions.18,19,20 Using 

this method, together with a special numerical technique 

(pointwise thermodynamic integration, PTI), several 

thermodynamic and kinetic parameters of uranyl hydrate, 

 
Chart 1: Possible tautomeric structures for uranyl peroxo 

species in aqueous alkaine solution. 
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[UO2(H2O)5]
2+, have been reproduced with an accuracy of ca. 

±10 kJ/mol. We now apply this approach to a prototypical 

uranyl peroxo complex, calling special attention to the 

tautomeric equilibrium of Chart 1. As it turns out, gas-phase 

and PCM single-point calculations predict a tautomer 5 

corresponding to II to be the most stable, wheras 

optimisations in a continuum and CPMD simulations in an 

explicit water box favor the expected peroxo form I. 

2 Computational details 

The same methods and basis sets as in our previous studies of 10 

uranyl hydroxides and oxalates18f-h were employed (see 

Supporting Information, SI, for details and references). 

CPMD21 / BLYP22 simulations were performed in the NVT 

ensemble using a single Nosé-Hoover thermostat set to 320 K, 

a norm-conserving pseudopotential on U,23 and a plane-wave 15 

cutoff of 80 Ry (100 Ry in selected cases). The slighly 

elevated temperature was chosen to keep the systems liquid-

like and enhance sampling. Cubic supercells were used with a 

lattice contant of 13 Å, which contained uranyl, one peroxo 

moiety (O2), one OH- and a total of 59 water molecules. The 20 

mirror images are well separated and cannot react with each 

other, e.g. via condensation. The BLYP functional was chosen 

because it performs better than most other standard GGAs for 

describing the properties of liquid water.24 Using the same 

setup selected conformers were also optimised in the gas 25 

phase, and the most stable were reoptimised with a larger 

lattice constant of 15 Å (denoted CP-opt). These computations 

were performed with the CPMD program.25  

 

Because the simulations were performed at constant volume, 30 

Helmholtz rather than Gibbs free energies are obtained, but in 

condensed phase the difference between both is very small. 

No further dissection of the free energies into enthalpic and 

entropic contributions (which would require, in principle, 

simulations at different temperatures) was attempted, but for 35 

the tautomeric equilibria that are investigated, entropy effects 

are expected to be small.  

 

Nonperiodic geometry optimisations were performed at 

BLYP, and B3LYP26 levels, employing the small-core 40 

Stuttgart-Dresden relativistic ECP together with its valence 

basis set on U27 (from which the most diffuse s-,p-,d-, and f-

functions were omitted, affording a [7s6p5d3f] contraction),28 

standard 6-311G+(d,p) basis29 for all other elements, and an 

ultrafine integration grid (99 radial shells with 590 angular 45 

points per shell), denoted SDD. The minimum character of 

each stationary point was verified by computation of the 

harmonic vibrational frequencies, which were all real. Refined 

single-point energies were evaluated using the B3LYP-

optimized geometries,30 the same SDD ECP and valence basis 50 

on U (augmented with a g-function with exponent 0.5), aug-

cc-pVTZ basis31 elsewhere (denoted SDDD+), and a variety of 

DFT and ab initio methods, namely, B3LYP, M06,32 MP2, and 

CCSD(T). Selected single-point calculations employed the 

polarisable continuum model (PCM) in its integral equation 55 

formalism according to Tomasi and coworkers33 (employing 

the UFF radii for all atoms and the parameters of water). 

These computations were performed with the Gaussian suite 

of programs,34 except for the MP2 and CCSD(T) single points, 

which were obtained with NWChem.35 Finally, empirical 60 

dispersion corrections were evaluated for B3LYP structures 

using the recent scheme by Grimme and coworkers (denoted 

B3LYP-D3).36 

 

 65 

Chart 2: Mono-anionic uranyl-peroxo complexes considered 

this study, including labeling of selected O atoms.  

 

3 Results and discussion 

3.1 Static calculations 70 

Rather than the neutral peroxo complex [UO2(O2)(H2O)3] that 

had been previously studied using computational methods,14,15 

we chose anionic [UO2(OH)(O2)(H2O)2]
- as a target, because 

this corresponds to the protonation state deduced 

experimentally by Grenthe and coworkers.8 Some initial 75 

exploratory optimisations were performed in the gas phase at 

the CP-opt/BLYP level. With subsequent MD studies in mind, 

where aquo and hydroxo ligands can usually rotate rather 

freely, no exhaustive searches of the conformational space of 

these ligands were undertaken. For the peroxo tautomers I, the 80 

isomer with O2 and OH ligand cis to each other (1a, Chart 2) 

is more stable than the corresponding trans form (1b) by 14.6 

kJ/mol. Similarly, for the hydroperoxo tautomer II, the form 

with the two OH ligands trans (2a) is more stable than the 

corresponding cis isomer (2b, where the OOH moiety has also 85 

undergone a rotation out of the equatorial uranyl plane) by 5.8 

kJ/mol. Because they can be interconverted via a simple 

proton transfer from Oa to Ob (see labeling in Chart 2), 1a and 

2a were taken as starting and end point in constrained CPMD 

simulations in water (see section 3.2 below) and considered as 90 

representative for the tautomers I and II, respectively. 

 

At the crude CP-opt/BLYP level, 2a is 16.9 kJ/mol lower in 

energy than 1a, a somewhat unexpected result, as side-on 2-

O2 complexes are rather common and have also been observed 95 

in uranyl peroxo complexes in the solid (as bridging units, 

though).3 When refined with a higher plane-wave cutoff 

(corresponding to a bigger basis set), this energy difference is 

roughly halved (see Table 1). Structures and energies of these 

two tautomers were subsequently refined at a variety of DFT 100 

and ab initio wavefunction methods. At almost all levels 

included in Table 1, this energetic sequence is confirmed. At 
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the CCSD(T) level, the "gold standard" in quantum 

chemistry,37 2a is more stable than 1a by 32.9 kJ/mol. 

 

Table 1. Relative energies of 2a relative to 1a (in kJ/mol) at 

selected levels of theory.[a] 5 

Level ΔErel  Level ΔErel 

BLYP/CP-opt[b] -16.9  BLYP/SDD+ 1.0 

BLYP/CP-opt100[b,c] -8.1  B3LYP/SDD+ -17.9 

BLYP/SDD[b] 2.3  M06/SDD+ -21.1 

B3LYP/SDD[b] -18.3  HF/SDD+ -82.8 

B3LYP/SDD-D3[d] -16.9  MP2/SDD+ -14.0 

B3LYP/SDD G[e] -19.2  CCSD/SDD+ -49.4 

B3LYP/SDD/PCM[b,f] 4.2  CCSD(T)/SDD+ -32.9 
[a]B3LYP/SDD+ geometries employed unless stated 

otherwise. [b]Fully optimised at the given level. [c]Optimised 

with a plane-wave cutoff of 100 Ry. [d]B3LYP/SDD 

geometries employed. [e]Free energies at standard pressure and 

298.15 K. [f]Fully optimised; -33.1 kJ/mol if evaluated as 10 

single-point energy for gas-phase structures. 

 

While dispersion and thermodynamic corrections are indicated 

to be small (compare B3LYP/SDD, B3LYP/SDD-D3 and 

B3LYP/SDD G values in Table 1), a simple continuum 15 

solvation model predicts a notable stabilisation of 1a in 

solution to the point that it becomes slightly favored over 2a 

(compare B3LYP/SDD and B3LYP/SDD/PCM values). The 

stabilisation of 1a is only apparent after optimisation in the 

continuum, not from PCM single points on gas phase 20 

geometries, where 2a actually appears to be even more 

favoured than in the gas phase (see footnote [f] in Table 1). 

 

The BLYP/SDD and BLYP/SDD+ energies stand out, because 

at these levels, both isomers are essentially isoenergetic in the 25 

gas phase. At the BLYP/CP-opt level, the hydroperoxo 

species 2a is again noticeably lower in energy. The 

discrepancy between these levels, which must be due to the 

different pseudopotenatials, basis sets and isolated vs. 

periodic set-ups employed, is somewhat larger than unsually 30 

found (ca. 9 kJ/mol in this case with the largest basis sets, i.e. 

CP-opt100 vs. SDD+). We note that, somewhat fortuitously, 

the results with the lower BLYP/CP-opt level agree well with 

those of the more sophisticated functionals B3LYP and M06, 

the latter of which has been recommended for actinide 35 

complexes.38 

 

Another noteworthy result in Table 1 is the apparent 

discrepancy between MP2, CCSD and CCSD(T) results. 

While MP2 and CCSD(T) data tend to be rather similar for 40 

"well-behaved" systems such as uranyl hydrate,38,39 similarly 

pronounced oscillations have been observed for the relative 

stability of cis- and trans-uranyl complexes.37,40 For an 

appraisal of the BLYP results in relation to the other DFT and 

the CCSD(T) data see below. 45 

 

In order to estimate the effect of explicit solvation on these 

relative energies, we have optimised microsolvated clusters 

containing one additional water molecule in the second 

hydration shell. A few initial placements of this additional 50 

water were trialled for optimisation (though again no 

exhaustive search was undertaken). The resulting, most stable 

minima of each 1a.H2O and 2a.H2O are depicted in Figure 1. 

In both cases, a similar binding mode of the extra water 

molecule is realised, where it donates a H-bond either to Oa or 55 

Ob, the other OH bond aligning with a terminal U=O moiety. 

At the B3LYP/SDD level, the hydroperoxo isomer 2a.H2O is 

still preferred, but the energetic discrimination is essentially 

halved, from -18.3 kJ/mol (Table 1) to -8.9 kJ/mol. Again, 

optimisation in the continuum stabilises 1a.H2O, making it 60 

more stable than 2a.H2O by 9.1 kJ/mol at that level (see 

Figure S1 in the ESI for a plot of the optimised structures). 

 

U

O

1a.H2O
2a.H2O

U

O

1a.H2O
2a.H2O

 
Figure 1: Microsolvated clusters of 1a and 2a (B3LYP/SDD 65 

optimised). 

 

A similar result is obtained at the BLYP/SDD level, where 

pristine 1a.H2O (instead of being nearly isoenergetic with 

2a.H2O) is now favoured by 6.6 kJ/mol. Evidently, including 70 

explicit water molecules can have a noticeble effect on the 

relative stabilies. Ultimately, more and more water molecules 

would have to be added, with a subsequent search for the 

global minima in each case, to converge these results. Because 

the statistical significance of each minimum is expected to 75 

decrease with increasing water coverage, we have adopted a 

fully dynamical description of the bulk solution, the results of 

which will be discussed in the following section. 

 

3.2 CPMD simulations 80 

When an unconstrained BLYP/CPMD simulation of 1a was 

launched in the gas phase starting from the CP-opt minimum, 

both water molecules detached immediately, affording 

[UO2(OH)(2-O2)]-.2H2O with reduced coordination number 

about uranyl and two water molecules in the second hydration 85 

sphere. As frequently observed in these gas-phase simulations, 

the uranyl-water interaction appears to be too weak to keep 

the water coordinated to the metal, and microsolvated 

complexes with intermolecular H-bonds are preferred. This 

finding is presumably related to the inherent underestimation 90 

of metal-ligand binding energies in transition-metal hydrates 

with such simple gradient-corrected density functionals.41  

 

A system containing 1a in a periodic water box was then 

prepared starting from an equilibrated snapshot of a previous 95 

anionic system, namely [UO2(OH)5]
3-.37 After replacing the 

uranyl hydroxide with the CP-opt structure of 1a, the system 

was propagated freely (i.e. without constraints) in the NVT 

ensemble for 4 ps. The water ligand adjacent to the peroxide 
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dissociated quickly into the solution, to be replaced by 

another one from the bulk within the first 2 ps, restoring five-

coordination about uranyl. No further spontaneous ligand 

dissociations were observed in this or in any of the subsequent 

free or constrained MD simulations in water. The structure of 5 

aqueous 1a will be discussed in more detail at the end of this 

section. 

 

From the last point of this simulation of 1a, a starting point 

for aqueous 2a was generated by manually opening up the U-10 

O-O angle of the 2-UO2 ring and moving a H atom from the 

adjacent water ligand to the "dangling" O atom of the 

resulting U-O-O moiety. Apart from a ca. 180 rotation of the 

hydroperoxo ligand about the U-Ob' axis within the first 1.5 ps 

(passing through transient structures with syn-periplanar 15 

O=U-O-O units as in 2b), 2a was stable in an unconstrained 

MD simulation over 4 ps in total. 

 

To probe whether a 1-U-O-O arrangement (with a formal 

negative charge on the dangling O atom) could be stable in 20 

water, an instantaneous snapshot from the latter trajectory 

with syn-periplanar O=U-O-O unit was chosen and the H atom 

manually moved from the hydroperoxo ligand onto a water 

molecule from the bulk via a relay of two water molecules 

that was adjusted accordingly (see Scheme 1). Such a water 25 

relay was used instead of moving the proton just to a nearby 

solvent molecule in order to avoid immediate collapse of such 

a contact ion pair, yet to allow easy reprotonation through this 

relay (via the well-known Grotthus mechanism) in good time. 

With a hydronium ion nearby, the resulting [UO2(OH)2(1-30 

O2)(H2O)]2- complex should be rather unstable and rapid re-

protonation was expected, either at the 1-peroxo site 

(restoring 2a), or at one of the hydroxo ligands. It was the 

latter process that was observed: very quickly, within 0.2 ps, 

one of the OH ligands abstracted a proton from a nearby water 35 

molecule, affording [UO2(OH)(1-O2)(H2O)2]
-, in which the 

1-U-O-O moiety rapidly (within another 0.3 ps) collapsed to 

the 2-UO2 ring affording 1a. The simulation was stopped 

before the H3O+ and OH- ions that were still present in the 

bulk could meet and neutralise each other. 40 

 

 
Scheme 1: CPMD simulations probing the fate of a 1-UO2 

complex in water (top): rapid proton transfer (a) and ring 

closure (b) restore peroxo complex 1a (see text). 45 

 

The spontaneous formation of 1a rather than 2a in this 

simulation may be taken as evidence for the stability of the 

former over the latter isomer. Hower, no firm conclusions can 

be drawn from such a singular event. We therefore decided to 50 

compute the relative free energy between these isomers, 

which are both stable in unconstrained CPMD runs, via 

constrained CPMD/PTI simulations.  

 

We chose the difference coordinate r = r(Ob-Hc) - r(Oa-Hc) 55 

for this purpose. In the last 2 ps of the unconstrained 

simulation of aqueous 1a, r fluctuated around a value of ca. 

1.91(29) Å. This value was taken as starting point for the 

constrained MD runs, and was successively decreased in steps 

of 0.32 Å, until a structure corresponding to 2a was first 60 

obtained at a value of r = -0.97 Å. Between r = +0.31 Å 

and -0.33 Å, the mean constrained force changed from a large 

positive to a large negative value. To have a finer mesh in that 

region and to probe for possible hysteresis (a common plague 

of constrained MD simulations),42 two additional points at r 65 

= -0.17 Å and +0.15 Å were sampled, retracing the path from 

the last point at r = -0.33 Å. The free-energy profile 

resulting from this procedure, along with representative 

snapshots along the path, is displayed in Figure 2. 

 70 
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Figure 2: Free-energy profile for tautomerisation of aqueous 

uranyl-peroxo complexes from constrained CPMD/BLYP 

simulations, including representative snapshots from the 

trajectory (see Figure S2 in the ESI for an enlarged plot).  75 

 

As the proton transfer from a water to the peroxo ligand 

proceeds starting from 1a, the free energy increases, passing a 

barrier of A‡ = 60.7(±3.8) kJ/mol at r = +0.15 Å until an 

apparent minimum is reached at r = -0.97 Å, with A = 80 

31.3(±6.3) kJ/mol (2a' in Figure 2). As in our previous 

studies,18 numerical uncertainties were estimated from 

standard deviations of the running averages of the mean 

constraint forces (over the last picosecond at each point, 
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multiplied with the integration width). Note that these 

uncertainties are just an indication of the numerical precision 

of the PTI technique, not of the intrinsic errors of our 

quantum-chemical model. 

 5 

Tautomer 2a' is characterised by an intramolecular H-bond 

donated from the dangling OOH moiety to the adjacent 

hydroxo ligand, a feature that is not retained in the gas-phase 

minima. When the path was continued in order to break this 

intramolecular H-bond, the OH moiety of the hydroperoxo 10 

ligand started to rotate out of the equatorial uranyl plane, and 

a water molecule from the bulk approached, accepting a H-

bond from the OOH unit and donating one to the OH ligand 

(cf. 2a in Figure 2; the additional water molecule is indicated 

as washed-out ball-and-stick representation, see also the blue 15 

arrow in the enlarged version in Figure S2). 

 

With the chosen coordinate, little energetic discrimination 

between 2a' and 2a is apparent. At one point on this part of 

the path connecting the two, at r = -1.61 Å, this water 20 

molecule from the bulk suddenly acted as a relay for a proton 

transfer from the OOH moiety to the OH ligand (through 

bonds that are not involved in the constraint, see Figure S3 in 

the ESI for details). This process happened quickly (within 

0.4 ps) under concomitant UO2 ring closure, affording the 25 

reactant 1a. In order to maintain the path, the simulation for 

this point (r = -1.61 Å) was thus repeated imposing an 

additional constraint on the OH bond of the water relay, which 

was fixed at its initial value of 0.98 Å. For the later points on 

the path beyond this r value, this additional constraint could 30 

be lifted without further occurrence of a similar, spontaneous 

proton transfer. 

 

Again, the statistical significance of this singular event is 

limited, but it is another indication that 1a is more stable than 35 

2a in aqueous solution. As such, it reinforces the conclusion 

from the PTI calculation that it is indeed 1a that is preferred 

in water. A quantitative prediction for this preference is 

hampered by the fact that the BLYP functional used in the 

CPMD simulations affords slightly disparate results with the 40 

setups involved in our periodic and nonperiodic calculations 

(most likely due to the different pseudopotentials and, in 

particular basis sets), and that it also affords results that differ 

appreciably from the CCSD(T) benchmark (Table 1). A rough 

estimate can be given, however, as follows: 45 

 

First, we probe the effect of using the larger basis by refining 

the point of highest constraint force (at r = +0.31 Å) with a 

higher cutoff. On going from 80 Ry to 100 Ry, this force 

increases slightly, from 0.01615(29) au to 0.01660(13) au 50 

(standard deviations  over the last picosecond in paren-

theses). Even though both are essentially identical within 1 , 

it is interesting to note that when the integral over the whole 

path is scaled by the resulting factor from this single point, the 

separation between 1a and 2a' increases from A = 31.3 55 

kJ/mol to 32.2 kJ/mol. In view of this small basis-set effect 

we did not recalculate the full path with this higher cutoff; 

instead we will use this "single-point" estimate. 

 

Next, neglecting all enthalpic and entropic effects on the 60 

tautomeric equilibrium between 1a and 2a (which is a 

reasonable assumption, given that the B3LYP E and G 

values in Table 1 differ by less than 1 kJ/mol), solvation 

changes the relative stability of 2a from -8.1 kJ/mol in the gas 

phase (CP-opt100 value in Table 1) to +32.2 kJ/mol in water 65 

(A of 2a' in Figure 2, scaled according to the preceding 

discussion), i.e. by ca. +40 kJ/mol at the BLYP level. Using 

this solvation free energy difference as an increment to correct 

the gas-phase energies in Table 1 (simply adding it to the 

ΔErel values in the rightmost column), affords estimates for 70 

the relative free energy of 2a in water ranging from ca. 

+19kJ/mol or +22 kJ/mol (based on M06 or B3LYP energies, 

respectively) to +7 kJ/mol (based on the CCSD(T) energy). 

All these estimates agree with CPMD/BLYP that 1a should be 

preferred in water. Only the less reliable HF and CCSD levels 75 

would predict 2a to be more stable also in aqueous solution, 

 

These estimates may not be the final answer, however, 

because 2a may not be the actual species in solution. Uranyl 

complexes have a pronounced preference for the coordination 80 

number of five in the equatorial plane. If 2a would attach an 

additional water molecule from the solution with a sufficiently 

large free binding energy, the resulting [UO2(OH)2(
1-

O2H)(H2O)2]
- could still be present, if not prevalent, in 

solution. Apart from the nature of the spectator ligands, the 85 

affinity of four-coordinate uranyl complexes toward a fifth 

water ligand depends on the overall charge of the complex, 

and decreases with this charge. While dicationic complexes 

tend to bind water strongly, dianionic complexes may not bind 

a fifth ligand at all, examples being [UO2Cl4]
2- 43 or, more 90 

relevant for the title compound, [UO2(OH)4]
2-.44 For uranyl 

chloride complexes, high-energy X-ray scattering experiments 

suggest that the transition from five-to four-coordination 

occurs already at the neutral dichloride UO2Cl2(H2O)n (2+n = 

4.3 on average), and that the monoanionic trichloride is four-95 

coordinate, i.e. [UO2Cl3(H2O)]-,45 in full agreement with 

predictions from DFT and CPMD/PTI simulations.46 

 

An attempted optimisation of pristine [UO2(OH)2(1-

O2H)(H2O)2]
-, starting from 2a.H2O (Figure 1) with the 100 

"outer-sphere" water molecule pulled in toward U to create a 

roughly pentagonal bipyramidal environment of O atoms 

about the metal, resulted in spontaneous expulsion, apparently 

without barrier, of one of the water ligands (incidentally the 

one trans to the OOH ligand, affording another "4+1" isomer 105 

11.8 kJ/mol higher than 2a.H2O at B3LYP/SDD). Even if 

cooperative polarisation in bulk water47 would increase the 

affinity between 2a and a fifth water ligand to a point that the 

latter would be bound in terms of E or H, it is unlikely that 

it would counterbalance the entropic penalty for such an 110 

associative process. In fact, when a CPMD simulation was 

started from the same five-coordinate structure for aqueous 

[UO2(OH)2(
1-O2H)(H2O)2]

- (after 1ps equilibration with all 

equatorial U-O bonds fixed), a water ligand (now the one cis 

to OOH) was expelled immediately into the bulk solution 115 

(with the U-O distance exceeding 3 Å within less that 0.1 ps). 
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To summarise this part, there is no evidence from experiment 

or computation that 2a could be stabilised by binding a fifth 

water ligand to such an extent that it would be more stable 

than 1a. We can thus predict the preference for the latter 

structure in aqueous solution with confidence. 5 

 

It should be noted that the direct proton transfer followed in 

Figure 1 is not necessarily the true minimum energy path; it 

was chosen because it can be described by a simple reaction 

coordinate. Because there may be other channels for the same 10 

reaction with a lower barrier (in particular using water 

molecules from the bulk as relay, as discussed above for the 

spontaneous reverse event), the barrier in Figure 1 is just to be 

taken as an upper limit. As A is a state function and thus, in 

principle, independent of the chosen path, the relative free 15 

energy between 1a and 2a should be reliable. 
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Figure 3: O(complex)-O(water) radial distribution functions 

gOO(r) for 1a (black) and 2a' (blue) on the constrained paths 20 

shown in Figure 1, evaluated between O atoms from the 

solution and a) the two peroxo O atoms (Ob,b'), or b) the single 

water or OH ligand (Oa).(nO: integral ∫gOO(r)4r2dr showing 

the mean number of O atoms in a sphere with radius r). 
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What is the reason for the large solvation effect that reverses 

the relative stability of 1a and 2a between gas phase and 

solution? It is difficult to pinpoint an obvious, clear-cut reason 

for this reversal from our simulations, but it appears that on 

going from 1a to 2a' on our path in Figure 1, peroxo and 30 

hydroperoxo moieties stay similarly well solvated (Figure 3a), 

whereas the water ligand in 1a interacts more closely with the 

surrounding water than the OH ligand in 2a' (Figure 3b - note 

the broader extent of the first maximum of gOO between 2.5 Å 

and 3.5 Å and the concominant increase of the mean number 35 

of water molecules, nO). As the water ligand in 1a is 

converted into OH during formation of 2a', it thus forfeits part 

of its stabilisation from the solvent. The reinforcement of 

hydrogen bonds donated by metal-coordinated water ligands 

has been discussed recently.48 40 

 

To study the solute-solvent interactions in more detail, hybrid 

QM/MM (quantum-mechanics/molecular-mechanics) simulat-

ions were performed for 1a and 2a', starting from the last 

snapshots of the constrained CMPD trajectories (see SI for 45 

details) . Because all solvent molecules were included in the 

MM region, specific H-bond interactions may not be 

described with quantitative accuracy in these QM/MM 

simulations (also, proton transfer reactions involving the 

solvent are prevented). However, the solvent-solute inter-50 

action energies, EQM-MM, are easily obtained and may inform 

qualitatively on the strength of solvation. When averaged over 

15 ps of QM/MM-MD, the mean EQM-MM values (electrostatic 

part only, without van-der-Waals terms) were indeed more 

negative for 1a (ca. -289 kJ/mol) than for 2a' (-234 kJ/mol), 55 

confirming the better solvation of the former over the latter.  

 

Table 2. Average relative energies and free energies (in 

kJ/mol), as well as dipole moments (in D) of the complexes in 

gaseous vs aqueous phase (in parentheses: standard deviations 60 

or estimated uncertanty).  

Property 1a 2a' 

Gas phase[a] 

Relative energy[b] 0.0 -30.5(228) 

Dipole moment  11.8(6) 10.3(7) 

In solution (PCM)[a,c] 

Relative energy[b] 0.0 37.4(152) 

Relative free energy[d] 0.0 39.3(150) 

Dipole moment 15.9(10) 13.7(10) 

In solution (explicit solvent from CPMD) 

Relative free energy[e] 0.0 31.3(±6.3)  

Dipole moment[f] 18.1(13) 16.3(12) 

[a]Mean values over 50 snapshots taken from the constrained 

CPMD simulations in explicit water (over the last pico-

second), in which only the complexes 1a or 2a' were retained 

(the solvent has been removed at each step). Single points at 65 

the BLYP/SDD/6-311+G** level. [b]SCF energies. 
[c]Employing the PCM model from Gaussian 03 with 

parameters of water and the same 50 snapshots have been 

used to compute the single points, at the same level. [d]SCF 

energies plus the sum of all non-electrostatic terms (see Table 70 

S1). [e]As obtained from the PTI calculation (see Figure 2). 
[f]Computed from Wannier Functions Centers (WFCs) on the 

same 50 snapshots, using the U atom as origin for the dipole 

moment. 

 75 

 

Further analysis of the QM region in these QM/MM 

simulation revealed that 1a had a much larger mean dipole 

moment (ca. 16 D) than 2a' (ca. 8 D).49 When the dipole 

moments of the solutes were evaluated for the purely 80 

quantmum-mechanical CPMD simulations (through analysis 

of the Wannier function centers for a number of snapshots 

from the last picosecond of the constrained MD runs, see SI  
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Table 3. Optimised or mean simulated bond distances in 1a (in Å, for labeling scheme see Chart 2). 

Level[a] U=O[b] U-Ob U-Ob' U-OaH2 U-OH2 U-OH Ob-Ob' 

CP-opt(g) 1.873 2.248 2.178 2.773 2.832 2.333 1.478 

BLYP(g) 1.873 2.253 2.214 2.805 2.845 2.311 1.457 

B3LYP(g) 1.827 2.222 2.182 2.721 2.782 2.307 1.440 

B3LYP(PCM) 1.836 2.241 2.227 2.572 2.618 2.223 1.459 

CPMD(aq) 1.90(4) 2.27(8) 2.24(7) 2.69(16) 2.53(9) 2.26(8) 1.49(2) 
[a]CPMD(aq): mean values during the last 2 ps of unconstrained MD (BLYP level, standard deviation in parentheses)  in water; 

BLYP, B3LYP: optimised parameters using the respective functional (SDD basis). 
[b]Mean value for the bonds to the terminal uranyl O atoms. 

 5 

for details), the resulting values were more similar, but still 

slightly higher for 1a (ca. 18 D) than for 2a' (ca. 16 D). 

Thus,in addition to specific solute-solvent interactions, bulk 

solvation is also indicated to contribute to the stabilisation of 

1a in water. When PCM calculation are performed for the 10 

bare solutes taken from these snapshots, similar results are 

obtained in terms of polarised solute-solvent energies and 

dipole moments (see Tables 2 and S1). 

 

Because of the large fluctuations of energies and dipole 15 

moments over these snapshots (see standard deviations in 

parentheses), the quantitative results in Table 2 should not be 

overinterpreted, but qualitatively they confirm the conclusions 

from CPMD, namely that 1a is disfavored in the gas phase, 

but more stable in water, where it is better solvated and has a 20 

higher dipole moment than 2a. When averaged over the 

CPMD snapshots, the simple PCM energies favor 1a as well, 

in line with the static optimisations in a continuum (Table 1). 

Explicit and bulk solvation thus appear to be closely linked, 

and the structures arising from the former are important for 25 

the latter. 

 

To conclude this section, optimised and MD-simulated 

structural parameters of 1a are collected in Table 3 for further 

reference. Whereas the U-Ob,b' bonds involving the 2-peroxo 30 

unit expand slighly upon solvation (compare CP-opt and 

CPMD(aq) data in Table 3), U-OH2 and U-OH bonds contract 

noticeably, in particular that involving the water ligand trans 

to the peroxo unit (by ca. -0.3 Å), but also the one adjacent to 

it (by -0.08 Å, cf. U-OaH2 values). Similar trends are seen 35 

upon optimisation in the continuum (compare B3LYP(g) and 

B3LYP(PCM) data in Table 3). In contrast, the corresponding 

U-OaH bond in 2a does not experience such a contraction 

upon solvation: in fact, upon going from CP-opt toCPMD(aq) 

this distance increases slightly, by ca. +0.02 Å (data not 40 

shown), in qualitative accord with the arguments on the 

differential solvation of OH and water ligands discussed 

above. 

 

4 Conclusions 45 

In summary, we have used static DFT and ab initio 

calculations, as well as DFT-based MD simulations, to 

complement recent experimental speciation studies of uranyl 

peroxo complexes. Focusing on a possible tautomeric 

equlibrium between complexes with a 2-UO2 metallacycle 50 

(1a) and a 1-UOOH moiety (2a), it turns out that the latter is 

indicated to be significantly more stable than the former in the 

gas phase. According to optimisations with a simple 

polarisable continuum model and to constrained CPMD/PTI 

simulations, however, this relative order of stability is 55 

reversed in aqueous solution, where 1a is preferred, most 

likely due to differential solvation of the ionic (peroxo, 

hydroxo) vs. neutral ligands (water). After correction for 

intrinsic deficiencies of the BLYP functional used in these 

MD simulations (by calibrating against gas-phase energies 60 

obtained at hybrid DFT and CCSD(T) level), the hydroperoxo 

tautomer 2a is estimated to be between ca. +7 kJ/mol to +22 

kJ/mol higher in (free) energy than 1a. This result can be 

taken as strong evidence that it is indeed the latter species that 

is present in the speciation equilibria. 65 

 

When only the general constitution of uranyl complexes can 

be determined experimentally, but not their precise structure, 

this missing information can be obtained from quantum-

chemical calculations. As the present study demonstrates once 70 

more, proper description of solvation effects is of the essence 

if ionic (and/or polar) substrates are immersed in a polar, 

protic solvent. 
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