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Abstract 

Gas-phase bimolecular reactions of metal cations with water provide insights into intrinsic 

characteristics of hydrolysis. For the actinide dioxide cations, actinyl(V) AnO2
+, melding of 

experiment and computation provides insights into trends for hydrolysis, as well as for oxo-

exchange between actinyls and water that proceeds via a hydrolysis pathway. We here extend this 

line of inquiry farther into the actinide series with CCSD(T) computations of potential energy 

surfaces for the reaction pathway for oxo-exchange via hydrolysis of nine actinyl(V) ions, from 

PaO2
+ to EsO2

+. The computed surfaces are in accord with previous experimental results for oxo-

exchange, and furthermore predict spontaneous exchange for CmO2
+, BkO2

+, CfO2
+ and EsO2

+, 

but not for AmO2
+. Natural Bond Order analysis of the species involved in both hydrolysis and 

oxo-exchange reveals an inverse correlation between the barrier to hydrolysis and the charge on 

the actinide center, q(An). Based on this correlation, we conclude that hydrolysis, and related 

phenomena such as oxo-exchange, become less favorable as the charge on the metal center 

decreases. The new results provide a straightforward rationalization of trends across a wide swath 

of the actinide series.  
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Introduction 

Hydrolysis reactions are important in transformations of metal ions and oxides into 

hydroxides. For actinides (An), these processes impact environmental transport, nuclear fuel 

processing, and waste treatment and disposition, and it is important to understand the interactions 

of  actinyls with water.1,2,3,4,5,6,7,8,9,10,11,12,13,14,15 We previously assessed reactions of gas-phase 

AnO2
+ with water via oxo-exchange whereby an actinyl oxygen hydrolytically exchanges with that 

of water.  Rios et al.16 studied exchange of AnO2
+ (An = U, Np, Pu) by experiment and Kohn-

Sham density functional theory (abbreviated as DFT) 17 at the B3LYP /6-311++G(d,p)/Stuttgart-

ECP and PBE/TZP-ZORA levels (B3LYP is a hybrid gradient exchange correlation functional, 

ECP = effective core potential, PBE is a gradient corrected functional, ZORA = Zero-Order 

Regular Approximation, an approximate relativistic Hamiltonian).  Dau et al.18 extended the 

experiments to PaO2
+. We used very high levels of theory (coupled cluster theory with single and 

double excitations and an approximate triples correction (CCSD(T)) extrapolated to the complete 

basis set limit plus additional corrections) to predict potential energy surfaces for the for the oxo-

exchange via hydrolysis of AnO2
0/+/2+ for An = Th(IV)O2

0, Pa(V)O2
+, U(V)O2

+ and U(VI)O2
2+,19 

with results in agreement with experiment. Subsequently, the energetics of bare AnO2
+ and AnO+ 

were obtained at the CCSD(T) and complete active space (CAS) levels of theory;20 predictions 

included that AnO2
+ for An = Pa to Lr exhibit a minimum bond dissociation energy (D[(OAn+)-

O]) at CmO2
+. For An = Fm, Md, No and Lr, the predicted most stable AnO2

+ structure is not linear 

actinyl(V), [O=An=O]+, but rather side-on bonded An-η2-(O2)
+, as An(III) peroxides (An = Lr) or 

An(II) superoxides (An = Fm, Md, No). (We note that an error in the correlated orbitals led to the 

Cm(III) structure being lower in energy than the actinyl Cm(V) structure. The lowest energy 

structure is actually the Cm(V) actinyl with ΔE(electronic) = 7 kcal/mol, and by 11 kcal/mol 

including spin-orbit corrections.) Kaltsoyannis21 used DFT with the B3LYP functional and pseudo 

potential basis sets, along with NBO (Natural Bond Orbitals)22,23,24,25 and QTAIM (Quantum 

Theory of Atoms in Molecules)26 bonding analyses, to conclude that, for An = Pa-Pu, reactivity of 

AnO2
+ with water correlates with the degree of An-O bond covalency. 

We here extend our computational studies at the CCSD(T) level using the most recent all 

electron basis sets of Peterson and co-workers for the oxo-exchange via hydrolysis of AnO2
+ for 

An = Pa to Es. The computational results are assessed in the context of the intertwined phenomena 

of hydrolysis and oxo-exchange. The AnO2
+ for An = Pa to Es encompass a range of actinides 

https://en.wikipedia.org/wiki/Quantum_chemistry
https://en.wikipedia.org/wiki/Quantum_chemistry
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(Figure 1) and provide insights into trends across the series. The overarching goals are to assess 

variations in their reactivity and the underlying basis for these changes to provide additional 

insights into intrinsic chemistry of the actinides. 

  

 

Figure 1.  The actinide (An) series of elements, with those of focus here highlighted in red. The 

formal 5f-orbital occupancy in the AnO2
+ actinyl(V) cations (i.e., the An5+ configuration) is 

indicated at the top, varying from 5f0 for PaO2
+ (Pa5+) to 5f8 for EsO2

+ (Es5+). 

 

Computational Details 

Geometries were optimized and vibrational frequencies were calculated at the DFT level 

with the B3LYP functional.27,28 The aug-cc-pVDZ basis sets29,30 were used for H and O and the 

Stuttgart large core ECPs and associated basis sets for the actinides.31 These calculations were 

done with the Gaussian09 program system.32  

All-electron single point CCSD(T)33,34,35,36 calculations using the 3rd-order Douglas-Kroll-

Hess Hamiltonian37,38,39 were performed at the DFT optimized geometries with the aug-cc-pVnZ-

DK for H,40 aug-cc-pwCVnZ-DK for O41,42,43 and cc-pwCVnZ-DK3 for An19,57,44 basis sets for n 

= D, T. The CCSD(T) electronic energies were used with the thermal corrections obtained from 

the DFT calculations to predict thermodynamic properties. The calculations included the 

correlation of the valence electrons and the An 5s, 5p, 5d, 6s and 6p core-shell electrons and the 

1s core-shell electrons of O. The open-shell calculations were done with the R/UCCSD(T) 

approach where a restricted open shell Hartree-Fock (ROHF) calculation was initially performed 

and the spin constraint was then relaxed in the coupled cluster calculation.45,46,47,48 We note that it 

is very important to carefully examine the orbital occupancies in the valence space and in the ‘core’ 

orbitals. For the latter, there can be interleaving orbitals that are not correlated. 

We also performed calculations by changing the starting orbitals19,49,50 for the CCSD(T) 

calculations from the Hartree-Fock orbitals to Kohn-Sham orbitals from DFT generated using the 

PW91 generalized gradient exchange-correlation functional.51,52,53 The reference energy in CCSD 

arises from diagonalizing the normal HF Hamiltonian with these Kohn-Sham orbitals. Hence no 

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Protactinium MendeleviumActinium Thorium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Nobelium Lawrencium

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Protactinium MendeleviumActinium Thorium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Nobelium Lawrencium

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

5f0 5f1 5f2 5f3 5f4 5f5 5f6 5f7 5f8
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additional correlation effects are included that are not normally in the CCSD calculation. In all 

cases the use of PW91 orbitals resulted in much smaller values of the T1 diagnostic.54 Thus, these 

Kohn-Sham orbitals are evidently more optimal than HF for these systems.  

The CCSD(T) calculations were performed with the MOLPRO 2015 program package.55,56 

The calculations were performed on our local (UA and WSU) Opteron- and Xeon-based Linux 

clusters. 

Results and Discussion 

Potential Energy Surfaces – General Considerations  

The essential components of reactions of AnO2
+ with H2O are shown on the model potential 

energy surface (PES) in Scheme 1. With reference to labels in Scheme 1, we consider the following 

salient attributes of this PES, noting that relative energies depend on the specific identity of An. 

(a) The energy of the separated reactants, AnO2
+ and H2O, is defined as zero (E ≡ 0). For a 

bimolecular proton transfer reaction to be observed in an ion trap under the conditions typically 

used, the energy cannot exceed this so-called reactant asymptote. 

(b) Physisorption association of AnO2
+ and H2O yields the Lewis acid-base hydrate complex, 

(H2O)AnO2
+. The energy for this association reaction is the hydration energy, ΔH(hydrate). 

(c) The hydrate can rearrange via the first transition state, TS1, which corresponds to proton 

transfer from H2O to one of the axial actinyl O atoms of AnO2
+. The TS1 barrier is ΔH(TS1), and 

the energy of TS1 relative to the reactants is E(TS1). 

(d) The reaction proceeds via TS1 to yield intermediate AnO(OH)2
+, which is the chemisorption 

hydrolysis product in which proton transfer is complete.  The energy for transformation of hydrate 

(H2O)AnO2
+ to hydroxide AnO(OH)2

+ is the hydrolysis energy, ΔH(hydrol). 

(e) If present, an asymmetric distorted T-shape intermediate AnO(OH)2
+ can exchange OH 

positions via TS2, which is a symmetric Y-shape AnO(OH)2
+ with two equivalent hydroxyl 

groups. If intermediate AnO(OH)2
+ already exhibits a symmetric Y structure, then there is no 

transition state TS2. 

The PES in Scheme 1 is for hydrolysis to yield hydroxide AnO(OH)2
+. Oxo-exchange of 

An16O2
+ and H2

18O occurs via this hydrolysis PES according to Scheme 2.  Here, and in exchange 

experiments, the two O atoms in AnO2
+ are the naturally dominant (99.8%) O-16 isotope, while 

the H2O has been isotopically labelled with O-18. Exchange occurs by association of An16O2
+ with 

H2
18O to yield the hydrate (H2

18O)An16O2
+, which hydrolyzes to yield symmetric TS2 hydroxide, 
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An16O(16OH)(18OH)+, (e) in Scheme 1. The two hydroxyl O-atoms in TS2 are equivalent; the 

An16O18O+ exchange product is obtained via the mirror-image of the PES in Scheme 1, to yield 

(H2
16O)An16O18O+ from which physisorbed H2

16O is eliminated. Bimolecular oxo-exchange under 

the ion-molecule reaction conditions usually used cannot occur if any energy on the PES exceeds 

the reactant asymptote. 

 

 

Scheme 1. Generic hydrolysis PES.  For An = Pa and Cm there is no TS2 and the structure of the 

AnO(OH)2
+ intermediate is symmetric as shown for TS2. Indicated energies are for hydration and 

hydrolysis, ΔH(hydrate) and ΔH(hydrol), TS barriers, ΔH(TS1) and ΔH(TS2), and energy E(TS1). 

The labels (a)-(e) refer to the discussion. 

 

Potential Energy Surfaces – Computed Structures and Energies 

Key PES energies are given in Table 1, with the CCSD(T)/awT-DK3 (awT is the 

abbreviation for aug-cc-pVTZ-DK for H, aug-cc-pwCVTZ-DK for O and cc-pwCVTZ-DK3 for 

An) values for ΔH(hydrate), ΔH(hydrol) and E(TS1) plotted in Figure 2 as a function of actinide. 

The Lewis acid-base complexes (H2O)AnO2
+ have C2v symmetry. The C2v hydrate structure with 

the water hydrogen atoms perpendicular to the AnO2
+ plane is a transition state for torsion about 

the An-OH2 bond and is about 5 kcal/mol higher in energy (See Supporting Information). One OH 

group in AnO(OH)2
+ is ‘axial’ and the other is ‘equatorial’, except for An = Pa and Cm where the 

OH groups are symmetric and TS2 is absent. Symmetric PaO(OH)2
+ is pyramidal with Cs 

symmetry; CmO(OH)2
+ has C2v symmetry.  Although EsO(OH)2

+ is planar with inequivalent OH 

groups, no TS2 could be optimized as the PES is very flat. 

 

AnO2
+ + H2O (H2O)AnO2

+ TS1 AnO(OH)2
+

0

xAnO2
+

TS2

AnO2
+ + H2O (H2O)AnO2

+ TS1 AnO(OH)2
+

0

xAnO2
+

TS2

ΔH(TS1) ΔH(TS2)

ΔH(hydrol)

E ≡ 0

ΔH(hydrate)

(a)

(b)
(c) (d)

(e)

E(TS1)
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Scheme 2.  Steps in oxo-exchange of AnO2
+ and H2O, monitored by 18O labeling. 

 

 

Figure 2.  Energies computed at the CCSD(T)/awT-DK3 level.  Purple triangles: negative of the 

hydration enthalpy, -ΔH(hydrate); Red squares: hydrolysis enthalpy, ΔH(hydrol); Blue circles: 

energy of TS1 relative to the reactant asymptote, E(TS1). The line at zero energy denotes the 

E(TS1) boundary for oxo-exchange, and that at 37 kcal/mol is close to most of the -ΔH(hydrate).  
 

Table 1. Energies (ΔH298 in kcal/mol) for the reaction sequence in Scheme 1.  

AnO2 Methoda E((H2O)AnO2
+) 

≡ ΔH(hydrate) 

E(TS1) E(AnO(OH)2
+) E(TS2)b ΔH 

(hydrol) 

ΔH 

(TS1) 

ΔH 

(TS2) 

1PaO2
+ A -36.4 -6.6 -35.8 NB 0.6 29.8 NB 

 C -36.8 -5.6 -34.5 NB 2.3 31.2 NB 

An16O2
+ + H2

18O

(H2
18O)An16O2

+

An16O(16OH)(18OH)+

(H2
16O)An16O18O+

An16O18O+ + H2
16O

AnO2
+ + H2O (H2O)AnO2

+ TS1 AnO(OH)2
+

0

xAnO2
+

TS2

AnO2
+ + H2O (H2O)AnO2

+ TS1 AnO(OH)2
+

0

xAnO2
+

TS2

18

18An

An

O-exchange

Pa U Np Pu Am Cm Bk Cf Es

ΔH(hydrol)

E(TS1)

-ΔH(hydrate)

En
e

rg
y 

(k
ca

l/
m

o
l)

0
Exchange

No Exchange
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 B -36.4 -7.0 -37.2 NB -0.8 29.4 NB 

 D -37.7 -7.7 -37.9 NB -0.2 30.0 NB 

 E -37.3 -7.0 -37.2 NB 0.1 30.3 NB 

2UO2
+ A -38.7 -2.0c -24.9 -22.6 13.8 36.7 2.3 

 C -35.0 0.0 -20.1 -19.8 14.9 35.0 0.3 

 B -39.1 -3.5c -27.4 -25.5 11.7 35.6 1.8 

 D -35.9 -1.6 -24.5 -24.5 11.4 34.3 0 

 E -36.1 -1.3 -24.4 -24.0 11.7 34.8 0.4 

3NpO2
+ A -35.2 3.9 -12.1 -9.1 23.1 39.1 3.0 

 B -35.5 2.7 -14.7 -12.6 20.8 38.2 2.1 

4PuO2
+ A -35.4 8.1 -3.9 4.9 31.5 43.5 8.8 

 B -35.4 6.6 -7.4 0.8 28.0 42.0 8.2 

5AmO2
+ A -33.8 15.3 6.6  23.4 40.4 49.1 16.8 

 B -33.7 13.6 2.1 21.2 35.8 47.3 19.1 

6CmO2
+ A -37.0 -0.3 -4.5 NB 32.5 36.7 NB 

 B -37.2 -3.4 -8.3 NB 28.9 33.8 NB 

7BkO2
+ A -41.0 -11.3 -26.9 -14.6 14.1 29.7 12.3 

 B -41.2 -12.7 -29.6 -16.4 11.6 28.5 13.2 

6CfO2
+ A -41.0 -8.2 -19.6 -2.9 21.4 32.8 16.7 

 B -41.1 -9.2 -22.1 -2.4 19.0 31.9 19.7 

5EsO2
+ A -30.7 -4.2 -6.1 NB 24.6 26.5 NB 

 B -30.1 -4.1 -8.3 NB 21.8 26.0 NB 

a A = CCSD(T)/awT-DK3; B = CCSD(T)/awT-DK3(PW91); C = CV-CBS(wCVnZ)-DK19; D = 

CCSD(T)/CBS(awCVnZ)-PP(PW91)19; E = CCSD(T)/CBS-PP-DK(PW91)+corrections19 b. NB = 

No Barrier (barrier could not be located for EsO2
+). c For TS1 we used the corrections from 

B3LYP/aug-cc-pvdz(O,H)/cc-pvdz-PP(Pa,U) optimized geometries. 

We previously reported even higher level results for the reactions of H2O with PaO2
+ and 

UO2
+.19 For An = Pa, the current CCSD(T)/awT-DK3 results are within 1-2 kcal/mol of those 

results; the use of different starting orbitals (HF or DFT/PW91) for the CCSD(T) calculations 

affected these energetics by up to 2 kcal/mol. For An = U, the energy differences from the higher 

level calculations are up to 5 kcal/mol, with the current results predicting the hydrate as more 
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strongly bound by 3 - 4 kcal/mol; subsequent energies on the PES track this difference. The use of 

the Stuttgart ECP and basis set for U led to a non-planar geometry (a planar geometry had 2 

imaginary frequencies) for TS1 at the B3LYP level but the planar transition state was lower in 

energy at the CCSD(T) level. We used the frequencies from a calculation at the B3LYP level with 

the cc-pVDZ-PP basis sets57,58,59 which does predict a planar geometry for TS1. 

The computed initial complexation energy, ΔH(hydrate), ranges from -30 to -41 kcal/mol, 

an energy range consistent with a Lewis acid-base interaction of H2O with a positively charged 

metal center.60,61 The ΔH(hydrate) are close to -37 kcal/mol (to within <3 kcal/mol) for PaO2
+ 

through CmO2
+; such near constancy is expected for such a Lewis acid-base interaction. The 

largest differences are the ΔH(hydrate) values for BkO2
+ and CfO2

+ of ca. -41 kcal/mol, and for 

EsO2
+ of -30 kcal/mol. The An-OH2 bond distances, in general, decrease from Pa to Es by about 

0.15 Å as expected from the actinide contraction (see Supporting Information). However, this bond 

distance decrease does not correlate with a decrease in the initial complexation energy showing 

that there are features other than an electrostatic interaction for the initial hydration step. 

As noted previously,19 conversion of (H2O)PaO2
+ to PaO(OH)2

+ is nearly thermoneutral 

(i.e., ΔH(hydrol) ≈ 0). As 5f electrons are added, the relative stability of the dihydroxide decreases, 

with ΔH(hydrol) increasing to a maximum of ~36 kcal/mol for AmO(OH)2
+ (Figure 2, red 

squares), then decreasing to ~12 kcal/mol for BkO2
+ and increasing to ~22 kcal/mol for 

EsO(OH)2
+. 

The initial proton transfer barrier, ΔH(TS1), increases regularly from PaO2
+ (~30 kcal/mol) 

to AmO2
+ (~47 kcal/mol). Thus the barrier height increases with the endothermicity of the reaction, 

consistent with Hammond’s postulate.62 There is a significant decrease from AmO2
+ to CmO2

+ 

(~34 kcal/mol) and then a decrease to ~26 kcal/mol for EsO2
+, with CfO2

+ slightly out of a linear 

decrease at 32 kcal/mol. The quantity E(TS1) is given by equation (1) and plotted in Figure 2 and  

E(TS1) = ΔH(TS1) + ΔH(hydrate)       (1)  

provides insights into whether a reaction can be observed or not. E(TS1) is below the reactant 

asymptote for PaO2
+, UO2

+, CmO2
+, BkO2

+, CfO2
+, and EsO2

+, and above it for NpO2
+, PuO2

+ and 

AmO2
+. In accord with the computations, it has been demonstrated that spontaneous gas-phase 

oxo-exchange occurs for PaO2
+ and UO2

+, but not for NpO2
+ or PuO2

+. It is predicted that 

spontaneous exchange should also occur for CmO2
+, BkO2

+, CfO2
+ and EsO2

+, but not AmO2
+. 

After PuO2
+, decreasing stabilities of the AnO2

+ make synthesis increasingly challenging, which, 
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together with transplutonium isotope scarcity and radioactivity, presents substantial impediments 

to experimental studies of oxo-exchange. The An=O bond distances in AnO2
+ and (H2O)AnO2

+ 

are given in the Supporting Information. These bond distances are shortest for Pu and Am and the 

values of E(TS1) are largest here as well suggesting a possible correlation. These bond distances 

increase and show a larger variation for Cm to Es, as do the values for E(TS1). 

Hydrolysis versus Bond Dissociation 

As is apparent in Figure 2, the trends in ΔH(hydrol) and E(TS1) are essentially the same. 

Notable features include distinct maxima for ΔH(hydrol) and E(TS1) at AmO2
+. The correlation 

between ΔH(hydrol) and E(TS1) indicates that the key barrier in hydrolysis and exchange is for 

conversion of an An=O to two An-OH moieties. It might be expected that the barrier to bond 

disruption in [O=An=O]+ should correlate with the bond dissociation energy, D[(OAn+)-O]. The 

computed D[(OAn+)-O] in Table 2, which are plotted in Figure 3 (solid green circles), differ from 

values in our previous work, which did not have the core orbitals correlated in a consistent manner 

due to orbital rotation issues in the Douglas-Kroll calculations. Although there are large 

uncertainties for most experimental D[(AnO+)-O] (open green circles in Fig. 3), and only lower 

limits for BkO2
+ and CfO2

+, there is generally quite good agreement with predictions; the 

computations clearly capture the salient trends. The maximum D[(OAn+)-O] is for PaO2
+ and the 

minimum for CmO2
+. The plots of D[(OAn+)-O] and ΔH(hydrol) in Figure 3 reveal that there is 

not a direct correlation between decreasing An=O bond dissociation energy and ease of hydrolysis. 

Notably, the largest bond dissociation energy and the smallest hydrolysis energy appear for PaO2
+. 

Dau et al.18 surmised that since the impediment to hydrolytic oxo-exchange is not the energy to 

dissociate an An=O bond, the barrier E(TS1), and the hydrolysis energy ΔH(hydrol), might instead 

at least partially reflect the degree of bond covalency. Their rationale was that an An=O bond is 

not cleaved in oxo-exchange or hydrolysis, but a more ionic (less covalent) An=O bond might be 

more susceptible to transformation to ionic An-OH bonds  

Table 2. Experimental and calculated An-O bond dissociation energy (D[(OAn+)-O]) in kcal/mol. 

AnO2 Experiment CCSD(T) HF / PW91 

(awT)ΔH298K 

1PaO2
+ 186 ± 7 202.0 / 203.1 

2UO2
+ 177 ± 3 184.9 / 187.5 

3NpO2
+ 146 ± 3 161.7 / 165.4 
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4PuO2
+ 122 ± 9 138.4 / 142.4 

5AmO2
+ 98 ± 13 108.0 / 113.5 

6CmO2
+ 48 ± 14 63.4 / 68.8 

7BkO2
+ ≥ 73 84.3 / 87.1 

6CfO2
+ ≥ 73 69.3 / 72.4 

5EsO2
+ - 74.6 / 79.8 

 

 

Figure 3.  Computed CCSD(T)/awT-DK3(PW91) energies for ΔH(hydrol) (red squares) and 

D[(OAn+)-O] (solid green circles). Open green circles are experimental D[(OAn+)-O] (lower limits 

for BkO2
+ and CfO2

+). 

 

regardless of D[(OAn+)-O]. This hypothesis was computationally bolstered by Kaltsoyannis21 with 

a demonstration that An-O bond covalency increases from PaO2
+ to PuO2

+. The present results 

indicate a maximum in ΔH(hydrol) (and E(TS1)) for AmO2
+, which could thus suggest a maximum 

in bond covalency there. Notably, although D[(OAm+)-O] is ~100 kcal/mol less than D[(OPa+)-

O], it is predicted that AmO2
+ should be much more resistant to oxo-exchange than PaO2

+. 

Population analysis  

The Natural Population Analysis results based on the Natural Bond Orbitals (NBOs)63,64 

using NBO665,66 are given in Table 3 using the B3LYP functional. The NBOs obtained with the 

PW91 functional are given in Supporting Information. The PW91 NBOs do not differ in any 

significant way from the B3LYP NBOs. The NBOs for TS1 fall between those of H2O(AnO2)
+ 

and AnO(OH)2
+ and are given in the Supporting Information at the B3LYP level. The compositions 
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of AnO2
+ and (H2O)AnO2

+ are approximately 5fn+26d1 where n is the An5+ 5fn occupancy in Figure 

1 (n=0 for Pa, n= 1 for U, etc.). The 5f occupancy decreases by ca. 0.2-0.4 e from a given 

(H2O)AnO2
+ to the corresponding AnO(OH)2

+. 

 

Table 3. NBO6 populations at B3LYP/aug-cc-pvdz(O,H)/Stuttgart(An) level using B3LYP/ aug-

cc-pvdz(O,H)/Stuttgart(An) optimized geometries.  

Molecule Propertya Pa U Np Pu Am Cm Bk Cf Es 

AnO2
+ q(An) 2.49 2.34 2.20 2.09 2.00 2.13 2.30 2.27 2.24 

(H2O)AnO2
+ q(An) 2.44 2.27 2.13 2.02 1.94 2.08 2.25 2.22 2.18 

AnO(OH)2
+ q(An) 2.62 2.43 2.28 2.15 2.13 2.28 2.33 2.31 2.27 

AnO2
+ 5f Total 1.82 2.98 4.16 5.31 6.43 7.30 8.08 9.13 10.24 

(H2O)AnO2
+ 5f Total 1.77 2.94 4.11 5.28 6.39 7.25 8.03 9.08 10.18 

AnO(OH)2
+ 5f Total 1.24 2.66 3.83 5.01 6.07 6.99 7.84 8.91 10.02 

AnO2
+ 5f Excess 1.82 1.98 2.16 2.31 2.43 2.30 2.08 2.13 2.24 

(H2O)AnO2
+ 5f Excess 1.77 1.94 2.11 2.28 2.39 2.25 2.03 2.08 2.18 

AnO(OH)2
+ 5f Excess 1.24 1.66 1.83 2.01 2.07 1.99 1.84 1.91 2.02 

AnO2
+ 5fα 

5fβ 

0.91 

0.91 

2.02 

0.96 

3.15 

1.01 

4.29 

1.02 

5.45 

0.98 

6.34 

0.96 

6.80 

1.28 

6.81 

2.32 

6.82 

3.42 

(H2O)AnO2
+ 5fα 

5fβ 

0.89 

0.89 

2.00 

0.94 

3.14 

0.97 

4.27 

1.01 

5.42 

0.97 

6.32 

0.93 

6.80 

1.23 

6.81 

2.27 

6.82 

3.37 

AnO(OH)2
+ 5fα 

5fβ 

0.62 

0.62 

1.85 

0.81 

2.99 

0.84 

4.17 

0.83 

5.36 

0.71 

6.69 

0.30 

6.84 

1.01 

6.84 

2.07 

6.85 

3.17 

AnO2
+ 6d 0.93 0.90 0.90 0.86 0.81 0.79 0.84 0.82 0.78 

(H2O)AnO2
+ 6d 0.99 0.97 0.93 0.92 0.86 0.85 0.91 0.89 0.86 

AnO(OH)2
+ 6d 1.23 1.02 1.02 0.97 0.91 0.77 0.93 0.90 0.85 

a5f Excess is the additional 5f population over An5+ 5fn (n=0 for Pa, n=1 for U, etc.). 

The An 6d population plotted in Figure 4 generally exhibits a gradual decrease across the 

series. The increase in 6d population from AnO2
+ to (H2O)AnO2

+ is consistent with a Lewis acid-

base interaction, with charge donation from H2O to An 6d. Except for Cm, the 6d population 

further increases from (H2O)AnO2
+ to AnO(OH)2

+; there is no significant 6d population difference 

for (H2O)AnO2
+ versus AnO(OH)2

+ for Bk, Cf and Es. An effect that is apparent for all three Cm 

complexes, a drop in 6d relative to other An, is particularly extreme for CmO(OH)2
+ where 5fβ is 

also anomalously low while 5fα is correspondingly high such that 5fα-5fβ is 6.39 (values in Table 

3). This quantity 5fα-5fβ represents the unpaired 5f population, and for Cm it approaches that of a 

particularly stable half-filled shell 5f7 configuration. 
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Figure 4.  NBO 6d population in AnO2

+ (red triangles), (H2O)AnO2
+ (blue circles) and AnO(OH)2

+ 

(green squares). 

 

The quantity ‘5f Excess’ derived from the NBOs is here defined as the additional 5f 

population above that for a bare An5+ ion, and it thus corresponds to the 5f population due to back-

donation to the formal 5fn An5+ core (Figure 5). Although “An5+” is an artificial, although not 

arbitrary, formal construct, the same trends appear if any different atomic charge state, such as 

neutral An0, is employed. While 5f Excess is the reduction in charge on formally 5fn An5+ due to 

donation into 5f, the total charge reduction is given by ‘5f Excess + 6d’, which is plotted in Figure 

6. From Figures 5 and 6 it is apparent that both ‘5f Excess’ and ‘5f Excess + 6d’ exhibit maxima 

at Am, and that there is a correlation between these NBO parameters and the ΔH(hydrol) plotted 

in Figure 2. This correlation may suggest increasing resistance to hydrolysis, and oxo-exchange, 

as a result of increasing net backdonation from oxygen to 5f and 6d of An(V). As such 

backdonation essentially represents sharing of electron density between An and O, it can be 

considered as increasing bond “covalency”, or equivalently as increasing “ionicity”. In the extreme 

ionic limit AnO2
+ would be hypothetical (An5+)(O2-)2 with 5f Excess = 6d = 0. Our population 

analysis thus indicates that total An-O bond covalency, and the 5f contribution to it, both increase 

from PaO2
+ to AmO2

+, which is in full accord with the assessment by Kaltsoyannis21 who identified 

an increase in covalency from PaO2
+ to PuO2

+.  
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Figure 5.  NBO ‘5f Excess’ for AnO2

+ (red triangles), (H2O)AnO2
+ (blue circles) and AnO(OH)2

+ 

(green squares). ‘5f Excess’ is the excess 5f population as compared with An5+. 

 

 
Figure 6.  Sum of ‘5f Excess’ and 6d populations in AnO2

+ (red triangles), (H2O)AnO2
+ (blue 

circles) and AnO(OH)2
+ (green squares). 

 

As an alternative to the notion of “covalency”, we consider the NBO parameter q(An), the 

charge on An, which is plotted in Figure 7. It is not proposed that these q(An) represent a physical 

charge, but rather that they reveal comparative charges for different compositions and different 

An. As expected, q(An) generally inversely correlates with ‘5f Excess + 6d’ (Figure 6), which is 

the charge donation to a formal An5+ (q ≡ 5). The close correlation between Fig. 6 and Fig. 7, 

particularly for the simple case of bare AnO2
+ (red points), implies that the excess charge relative 

to An5+ is mostly in 5f and 6d orbitals, with little population in other orbitals such as 7s.  The 

variations in q(An) between the three types of species are reasonable. Association of water to bare 
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AnO2
+ results in Lewis base charge donation and a small decrease in q(An) for (H2O)AnO2

+. 

Formation of another discrete An-O bond in AnO(OH)2
+ results in charge-withdrawal into the third 

new An-O bond and an increase in q(An). 

Comparison of Figures 2 and 7 reveals an inverse correlation between ΔH(hydrol) and 

q(An) for all three species, including (H2O)AnO2
+. This correlation, presented more explicitly in 

Figure 8, suggests that higher q(An) somehow facilitates hydrolysis, and that essential features of 

the PES in Figure 2 are related to the charge on the actinide center. It is presumably the An charge 

density, ρq, that should govern ionic interactions. As ionic radii decrease across the series due to 

the actinide contraction, ρq increases. However, it is not practical to assign an ionic radius for an 

extremely non-spherical actinyl. Furthermore, it is unwarranted to employ either a simple surface 

or volume charge density, even if some sort of effective radius could reasonably be assigned. 

Fortunately, the gradual decrease in effective radii from PaO2
+ to EsO2

+ will not alter trends in ρq 

as indicated by q(An).  

 

 
Figure 7.  NBO Charge q(An) for AnO2

+ (red triangles), (H2O)AnO2
+ (blue circles) and 

AnO(OH)2
+ (green squares). 

 

Comparison of Figures 4-7 reveal that the variation in q(An) is due mostly to ‘5f Excess’, 

which peaks at AmO2
+. As nuclear charge Z increases, donation into An 5f should become more 

favorable, as happens from Pa to Am. Between Am and Cm, ‘5f Total’ increases to ≥7 e such that 

additional 5f population must go into partially occupied 5f orbitals beginning at Cm. Beyond the 
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half-filled 5f7 configuration around Am(V), the energy advantage for donation into the 5f is thus 

diminished by electron-electron repulsion, which might explain why ‘5f Excess’ is a maximum 

and q(An) a minimum at Am. As remarked above, decreasing q(An), which corresponds to 

increasing charge donation from oxygen, can alternatively be considered as increasing bond 

covalency and decreasing ionicity. 

 

 
Figure 8.  ΔH(hydrol) (Top) and q(An) for (H2O)AnO2

+ (Bottom). 

 

 As shown in the Supporting Information, the amount of excess α spin on the actinide in the 

AnO2
+ peaks at Cm and Bk (the amount of excess spin on the An in the (H2O)AnO2

+ complex 

essentially falls on the same line). The peak in E(TS1) is at Am showing that the amount of excess 

α spin on the An is a possible contributing factor but not the only one. There is some spin 

polarization in the starting AnO2
+ and in the (H2O)AnO2

+ complex with excess β spin on the actinyl 

oxygen (see Supporting Information). The largest amount of spin polarization is found for An = 

Am (~0.25 β) and this is where the largest value of E(TS1) is found. Although the spin polarization 

for An = Cm is only slightly smaller for Cm as compared to Am, there is a significant change in 

E(TS1). For An = Cf, Bk, or Es, there is no spin polarization on the actinyl oxygen atoms as these 
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atoms have excess α spin. The species with excess α spin have a negative value for E(TS1). These 

results point to the fact that the amount of spin polarization is a potential contributing factor to the 

value of E(TS1). The values of S2 are shown in the Supporting Information and the DFT/B3LYP 

values are consistent with the CCSD(T) values. The largest deviations are found for An = Cm with 

the dihydroxide always having the largest deviation for a given actinide. 

A key attribute of the correlations identified here is that no direct causal relationship need 

be assigned. It is however appealing to consider possible relevant factors. The initial proton 

transfer barrier TS1, as well as O-H bonding in AnO(OH)2
+ (Scheme 1), should generally be 

facilitated by negative charge on O atoms. Since q(O) is more negative and favorable for higher 

positive q(An), the decrease in q(An) from Pa to Am should mostly result in destabilization to 

higher energies of both TS1 and AnO(OH)2
+, which is as predicted from our computational 

energetic results. 

The hydration enthalpies are approximately constant until Bk and Cf, where they become 

more negative by ca. 4 kcal/mol. From Cf to Es, ΔH(hydrate) becomes substantially less negative, 

increasing from -41 to -30 kcal/mol. Comparison of ΔH(hydrate) in Figure 2 and q(An) in Figure 

7 shows the absence of a distinct correlation such as would be expected for the idealistic situation 

of only ionic interactions between H2O and AnO2
+. The charge on the An undoubtedly does play 

a role in governing ΔH(hydrate) but it is clearly not the only relevant factor. Among possible other 

effects, Es(V) is formally 5f8 and our analysis yields a configuration around 5f10; multiple paired 

5f electrons might result in increased electron repulsion and reduced electrostatic interaction. 

A second order perturbation theory energy analysis23,24 of the NBOs was performed which 

examines all possible interactions between donor Lewis-type NBOs (i) and acceptor non-Lewis 

NBOs (j). The stabilization energy associated with delocalization from i → j is given by E(2) = 

qi(F(i,j)2/(εi - εj) where qi is the donor orbital occupancy, εx are orbital energies, and F(i,j) is the 

off-diagonal NBO Fock matrix element. These values are given in the Supporting Information for 

(H2O)AnO2
+. As expected, the largest energy stabilization is for the two inequivalent lone pairs on 

the oxygen on the H2O moiety donating into virtual d and f orbitals on the An. We provide a brief 

description for the closed shell system Pa as the open shell nature of the remaining complexes 

significantly complicates the analysis. The most important contribution for the pure 2p lone pair 

on O is donation into a Pa orbital with 6d0.75f0.3 character. The O lone pair with s and p character 

donates into two orbitals on the Pa, one with 7s0.56d0.45f0.1 character and the other with 
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7s0.46d0.55f0.1 character. There are also smaller interactions of the lone pair on O with s and p 

character with antibonding Pa=O orbitals which are mostly on the Pa and have about equal 6d and 

5f character. 

Finally, to holistically assess core aspects of the potential energy surface in Scheme 1 we 

consider the relationship between the transition state barrier, ΔH(TS1), and the hydrolysis energy, 

ΔH(hydrol). These are plotted together in Figure 9, along with the difference: 

 ΔΔH = ΔHREV(TS1) = ΔH(TS1) – ΔH(hydrol),      (2) 

which is the “reverse” barrier ΔH(AnO(OH)2
+ → TS1) that we denote as ΔHREV(TS1). The energy 

relationships between hydrate (H2O)AnO2
+, hydroxide AnO(OH)2

+, and TS1 that links them, is 

shown at the top of Figure 9. For Pa, the hydrate and hydroxide are nearly degenerate in energy, 

i.e., ΔH(hydrol) ≈ 0, and ΔH(TS1) ≈ ΔHREV(TS1). Between Pa and Am, ΔH(TS1) increases while 

ΔHREV(TS1) decreases, a relationship that reflects a drastic corresponding increase in ΔH(hydrol). 

After Am, the variations and relationships between these three parameters becomes more irregular. 

The information in Figure 9 is included to emphasize that it is not expected that any single property, 

q(An) or otherwise, should effectively account for all aspects of the potential energy surface. 

The specific correlation between ΔH(hydrol) and q(An) shown in Figure 8 is particularly 

striking and convincing. We propose that there is a relationship between these parameters, while 

emphasizing that this does not establish cause-and-effect, and does not exclude correlations with 

other properties such as bond covalency. An important aspect of relationships such as revealed in 

Figure 9 is the necessity to study several members of the actinide series. Considering only the five 

actinides from Pa to Am would suggest a good correlation between ΔH(TS1), ΔHREV(TS1) and 

ΔH(hydrol), as well as between all three and q(An). It is the results for Cm and beyond that reveal 

the failing of these inclusive correlations and indicate a consistently good correlation between 

ΔH(hydrol) and q(An). It should be noted that because the predominant trends for ΔH(TS1) are 

similar to those for ΔH(hydrol), there is also a generally good correlation between ΔH(TS1) and 

q(An). 
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Figure 9.  ΔH(hydrol) (red), ΔH(TS1) (blue), and the difference ΔΔH = ΔH(TS1) - ΔH(hydrol) = 

ΔHREV(AnO(OH)2
+ → TS1) (purple). The relationship between three energy parameters is shown 

on the partial potential energy surface at the top. 

 

Conclusions 

 The potential energy surfaces for adding H2O to AnO2
+ followed by a proton transfer, the 

first step in the hydrolysis of the AnO2
+ were calculated at the CCSD(T) level with a large basis 

set including scalar relativistic effects. The computations predict that E(TS1) is below the reactant 

asymptote of AnO2
+ + H2O for An = Pa, U, Cm, Bk, Cf, and Es, and above it for Np, Pu, and Am. 

Although the An-OH2 bond distances in the initial hydration complex do correlate with the 

expected actinide contraction, the initial hydration energies do not correlate with this trend 

showing that simple electrostatics is not the only effect. The computational results are in agreement 

with available experimental information, particularly those for gas-phase oxo-exchange of PaO2
+ 

to PuO2
+. As predictions now extend to EsO2

+, it is desirable to similarly expand experiments and 
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further assess the validity of the computational results and the correlation. The disconnect between 

bond dissociation energy D[(OAn+)-O] and transformation of An=O bonds via hydrolysis, should 

be further assessed. In particular, AmO2
+ is predicted to not exhibit oxo-exchange despite that 

bond dissociation energy D[(OAm+)-O] is about half D[(OPa+)-O]. Computational results for 

transplutonium actinides provide insights into intrinsic chemistry and trends that may remain 

experimentally inaccessible. For example, it is predicted that hydrolysis properties should be 

similar for uranyl(V) and berkelyl(V). 

An assessment of NBO parameters has enabled a satisfactory rationalization of the 

observed trends in hydrolysis and oxo-exchange of AnO2
+. The diminishment in the facileness of 

hydrolysis of AnO2
+ is accordant with computed charges on the actinide centers in these species. 

Greater electron donation from oxo ligands to An results in a reduced charge and less effective 

bonding with ionic OH ligands, which should generally destabilize hydroxide products, as well as 

hydroxyl intermediates. Our assessment does not quantify covalency but we do find a decrease in 

q(An) from PaO2
+ to AmO2

+, which corresponds to increasing charge donation from O to An and 

is thus essentially in accord with the report by Kaltsoyannis21 of increasing covalency from PaO2
+ 

to PuO2
+. Our results are not whatsoever in contradiction with those of Kaltsoyannis,21 but 

assessment for additional heavier AnO2
+ does reveal a broader correlation with q(An). Without 

excluding the possibility of effects beyond q(An), and in accord with Ockham’s razor, we now 

adopt the more general and straightforward relationship to understand overall trends from PaO2
+ 

to EsO2
+. 
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11 Bühl, M.; Schreckenbach, G. Oxygen Exchange in Uranyl Hydroxide via Two “Nonclassical” 

Ions. Inorg. Chem. 2010, 49, 3821−3827. 
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