
Lawrence Berkeley National Laboratory
LBL Publications

Title

Hydrolysis of Small Oxo/Hydroxo Molecules Containing High Oxidation State Actinides (Th, 
Pa, U, Np, Pu): A Computational Study

Permalink

https://escholarship.org/uc/item/1d22b1pr

Journal

The Journal of Physical Chemistry A, 125(28)

ISSN

1089-5639

Authors

Lontchi, Eddy M
Vasiliu, Monica
Tatina, Lauren M
et al.

Publication Date

2021-07-22

DOI

10.1021/acs.jpca.1c04048
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1d22b1pr
https://escholarship.org/uc/item/1d22b1pr#author
https://escholarship.org
http://www.cdlib.org/


Hydrolysis of Small Oxo/Hydroxo Molecules Containing High Oxidation State Actinides
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John K. Gibson,2 and David A. Dixon1,*,2 

1  Department  of  Chemistry  and  Biochemistry,  The  University  of  Alabama,  Shelby  Hall,

Tuscaloosa AL 35487-0336

2 Chemical Sciences Division. Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

Abstract

The energetics of hydrolysis reactions for high oxidation states oxo/hydroxo monomeric

actinide species (ThIVO2,  PaIVO2,  UIVO2,  PaVO2(OH), UVO2(OH), UVIO3,  NpVIO3,  NpVIIO3(OH),

and PuVIIO3(OH)) were calculated at the CCSD(T) level. The first step is formation of a Lewis

acid/base  adduct  with  H2O  (hydration),  followed  by  proton  transfer  to  form a  dihydroxide

molecule  (hydrolysis);  this  process  is  repeated  until  all  oxo  groups  are  hydrolyzed.  The

physisorption  (hydration)  for  each  H2O  addition  was  predicted  to  be  exothermic,  ca. -20

kcal/mol. The hydrolysis products are preferred energetically over the hydration products for the

+IV and +V oxidation states. The compounds with AnVI are a turning point in terms of favoring

hydration over hydrolysis. For AnVIIO3(OH), hydration products are preferred and only 2 waters

can bind; the complete hydrolysis process is now endothermic and the oxidation state for the An

in An(OH)7 is +VI with two OH groups each having one-half an electron. The NBO charges and

the reaction energies provide insights into the nature of the hydrolysis/hydration processes. The

actinide  charges  and  bond  ionicity  generally  decrease  across  the  Period.  Ionic  character

2 Email: dadixon@ua.edu
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decreases as the oxidation state and coordination number increase so that covalency increases

moving to the right in the actinide Period.
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Introduction

Hydrolysis reactions are important in transformations of metal oxides into hydroxides.

We have previously explored the hydrolysis mechanism of small (MO2)n (M = Ti, Zr, Hf, n =1-4)

nanoclusters, by adding up to two H2O molecules, using DFT and CCSD(T).1,2 For hydrolysis of

(MO2)n (M = Ti, Zr, Hf,  n = 1-4), it was found that the physisorption energies depend on the

cluster size and the adsorption site. The initial H2O physisorption energies for the ground singlet

state of MO2  were predicted to be -10 to -35 kcal/mol. The energetics for the first hydrolysis

reaction  on  the  ground  singlet  state  of  MO2 nanoclusters  were  predicted  to  be  -20  to  -80

kcal/mol. In these transition metal oxide clusters, the calculations showed that H2O readily reacts

with an M=O group to form the hydroxides. 

Actinide  (An)  elements  play  a  major  role  as  materials  in  nuclear  energy,  and  their

generated  waste  can  introduce  storage  issues  leading  to  environmental  concerns  and  health

related issues in the event of exposure.3,4 Actinide hydrolysis reactions can impact environmental

transport,  nuclear  fuel  processing,  and  waste  treatment  and  disposition.  The  interactions  of

actinyls  with  water  have  been  studied  experimentally5,6,7,8,9,10,11,12 and

computationally.13,14,15,16,17,18,19,20,21 We  used  the  high  level  Feller-Peterson-Dixon  (FPD)

approach22,23,24,25 (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 oxo-exchange via hydrolysis of AnO2
0/+/2+

for  An  =  ThIVO2
0,  PaVO2

+,  UVO2
+ and  UVIO2

2+ with  results  in  agreement  with  the  available

experiments.26 Neutral actinide oxo/hydroxo compounds have been studied as well.27,28 McKee

and Gorden further  expanded on Th hydrolysis,  and explored  the hydrolysis  mechanisms of

ThO2(H2O)n, n = 1, 2, 4, at the CCSD(T) and DFT/M06 levels of theory.29 Tsushima predicted
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that  two Th(OH)4(OH2)2
0 molecules  can  be  connected  via  hydrogen bonds  to  form the  OH-

bridged dimer complex Th2(OH)8
0.30 As another example, Gibson and co-workers studied gas-

phase reactions of actinyl-oxolate complexes with H2O and O2 in a quadrupole ion trap.31 Their

results showed that water addition to UO4
- was spontaneous, forming the hydrate, UO4(H2O)-,

and the hydroxide, UO3(OH)2
-. 

The  overall  objective  of  the  present  work  is  to  expand  our  work  on  actinide  oxide

hydrolysis to study the hydrolysis of the neutral early actinide oxides and mixed actinide oxides/

hydroxides monomers in their highest oxidation states, including ThO2, PaO2(OH), AnO3 (An =

U, Np), AnO3(OH) (An = Np, Pu). We did not pursue the +VIII oxidation state represented by

PuO4 due to the complexity of its structure;32  our preliminary studies showed that the optimized

C2v,  5PuVO2(O2
-)  structure  is  the  lowest  energy  isomer  and is  more  stable  than  the  isomeric

1PuVIIIO4, D4h structure by ~7 kcal/mol at the CCSD(T)/aD-DK level.  Enough H2O molecules are

added to convert each oxo (O2-) ligand into two hydroxy (OH-) groups. A goal is to predict the

reaction energetics and the stability of the hydroxylated products relative to oxo or oxo/hydroxo

reactants and intermediates with H2O bonded in a Lewis acid/base interaction. The initial step is

formation of a Lewis acid/base adduct, followed by a proton transfer converting an O2- to a di-

hydroxide; this process is repeated until all oxo groups are hydrolyzed. Physisorption energies,

hydrolysis energies, and reaction barriers have been calculated to generate reaction coordinates.

The DFT reaction coordinates for these monomers were benchmarked by comparing with those

calculated at the CCSD(T) level.

Computational Methods

Geometries  were  optimized  at  the  density  functional  theory  (DFT)33 level with  the

B3LYP  exchange-correlation  functional,34,35 which  we  have  previously  shown26 to  give
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reasonable structures for such species. The aug-cc-pVDZ basis sets36,37 for O and H, the cc-

pVDZ-PP basis sets with effective core potentials were used for An = Th, Pa, and U.26,38,39,40 and

the  Stuttgart  small  core  relativistic  effective  core  potential  (60ECP)  with  the  accompanying

segmented  basis  set  were  used  for  Np  and  Pu.41,42,43 We  denote  these  basis  sets  as  aD-PP.

Vibrational frequencies were calculated to show that the structures were minima or transition

states. The DFT calculations were carried out with the Gaussian16 program system.44  

To improve the energetics,  additional  single-point  energy calculations  using the DFT

optimized geometries,  were performed at the coupled cluster CCSD(T) level of theory45,46,47,48

using  the  3rd-order  Douglas-Kroll-Hess  Hamiltonian49,50,51 with  the  aug-cc-pVnZ-DK for  H,52

aug-cc-pVnZ-DK for O,36,53 cc-pVnZ-DK3 for An = Th-Pu26,38,54 for  n = D for all species, and

additional  n  = T basis sets for the singlet ground state species (Supporting Information). We

denote these basis sets as an-DK for  n = D and T.  All CCSD(T) calculations were performed

with the MOLPRO 2018 program.55,56 

For many of the open shell molecules, especially the initial species to be hydrolyzed,

where it was not possible to readily assign the correct starting occupations for the different spin-

symmetry  states  based  on  the  DFT calculations,  we  performed  CASSCF57,58 calculations  to

obtain the correct starting orbital occupancies for the restricted open shell Hartree-Fock (ROHF)

and  CCSD(T)  calculations.  The  open-shell  CCSD(T)  calculations  were  done  with  the

R/UCCSD(T)  approach  where  an  ROHF  calculation  was  initially  performed  and  the  spin

constraint was then relaxed in the coupled cluster calculation.59,60,61,62

The calculated reaction energies do not take into account any corrections due to spin-

orbit coupling. ThIVO2, PaVO2(OH), UVIO3, and NpVIIO3(OH) are closed shell molecules and there

are no spin-orbit corrections to first order. The remaining monomers, PaIVO2, UIVO2, UVO2(OH),
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NpVIO3, and PuVIIO3(OH), are open shell structures so there can be first-order spin-orbit effects.

However,  we  do  not  expect  the  relative  spin-orbit  corrections  on  the  hydrolysis  reaction

coordinates  to  be  large  as  differences  in  the  spin-orbit  corrections  should  be  small  due  to

cancellation of errors. The errors in the relative spin-orbit corrections between different species

on the reaction coordinates should be comparable in magnitude to the errors due to the use of the

aD-DK basis sets.

The  Natural  Population  Analysis  (NPA)  results  based  on  the  Natural  Bond  Orbitals

(NBOs)63,64 using NBO765,66 are calculated using MOLPRO 2018. The calculations were done on

our local UA Opteron- and Xeon-based Linux clusters and at the Molecular Sciences Computing

Facility in the William R. Wiley Environmental Molecular Sciences Laboratory at the Pacific

Northwest National Laboratory.

Results and Discussion

Geometries The optimized geometries at the DFT/B3LYP level are reported in Table 1 for the

initial  monomeric,  to  hydrolyze  structures.  First,  we  consider  the  +IV  oxidation  state.  The

ground state structure for  ThO2 with Th atom in +IV formal oxidation state is bent with  C2v

symmetry and is a singlet. Thus, ThO2 is similar to Group IV transitional metals oxides, MO2.

The  computational  and  experimental  ThO2 vibrational  spectra  and  geometry  have  been

previously reported.67,68 The ground states for  2PaO2  and  3UO2 are linear with Pa and  U in the

formal +IV oxidation state with 7s1 and 7s15f1 electron configurations, respectively. The ground

states of 3UO2 has been previously assigned.69 CASSCF calculations were used to determine the

ground state for the CCSD(T) calculations of 2PaO2 and the excited d1 and f1 states are ~22 and
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49 kcal/mol, respectively, higher in energy at CCSD(T)/aD-DK level. The Pa-O and U-O bond

distances are ~0.09 Å and 0.11 Å, respectively, shorter than Th-O in ThO2. 

For the +V oxidation state, PaVO2(OH) is planar with 2 axial Pa-O actinyl bonds that are

almost identical in bond length, and a longer Pa-O(H) equatorial bond. PaO2(OH) has a similar

geometry  to  that  of  UVIO3 with  a  Pa-OH  equatorial  instead  of  a  U-O  equatorial  group.

2UO2(OH), with U in +V formal oxidation state  and a  5f1 electron occupancy,  has a similar

structure to PaO2(OH). The actinyl U-O and the axial U-O(H) bonds are ~0.02 Å and ~0.01 Å,

respectively, shorter than the corresponding bonds in PaO2(OH). 

For the +VI oxidation state, UO3 is predicted to have two axial oxygens forming a uranyl

dication moiety, and the third oxygen (formally O2-) in an equatorial position with a longer U-O

bond distance.69,70 The U is in the formal +VI oxidation state with no active valence electrons.

The structure of UO3 differs from that of transition metal oxides such as WO3 and MoO3  which

have three equivalent M-O bonds in C3v symmetry for the +VI oxidation state of metal.71, Similar

to UO3, NpO3 has C2v symmetry with both axial and equatorial Np-O bond distances shorter by

about 0.03 Å as compared to those in UO3. The ground state for NpO3 is  2A2 with 5f1 electron

configuration.72 The Oax-An-Oax in NpO3 is 9 degrees larger than in UO3. 
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Table 1.  Optimized geometry parameters (bond distances in angstroms (Å) and bond angles in degrees (º)) at B3LYP level for all
monomeric to hydrolyze structures.

Molecule Sym State An-Oax
An-Oeq/

An-O(H)
Oax-An-Oax/

Oax-An-O(H)ax

Oeq-An-Oax/
O-An-O(H) An-OH2

b An-OH2
c

1ThO2 C2v
1A1 1.910 121.1 2.637 2.667

2PaO2 D∞h
2Σg 1.816 180.0 2.512 2.551

3UO2 D∞h
3Φg 1.802 180.0 2.531 2.537

1PaO2(OH) Cs
1A′ 1.840,1.844a /2.159 161.1 100.1,98.8a 2.552 2.589

2UO2(OH) Cs
2A′ 1.820,1.821a /2.147 167.7 97.7,94.6a 2.543 2.583

1UO3 C2v
1A1 1.813(x2) 1.856 157.3 101.3 2.544 2.587

2NpO3 C2v
2A2 1.778 (x2) 1.829 166.1 97.0 2.522 2.596

1NpO3(OH) Cs
1A′ 1.769, 1.775a 1.808/2.086 172.3/179.0 93.6,94.2/

85.5,86.8a 
2.534 2.571d

2PuO3(OH) Cs
2A′′ 1.751,1.759a 1.798/2.072 173.7/178.9 92.8,93.5/

86.1,87.6a
2.519 2.558d

a towards H(O); b An-OH2 for the first water adduct. c An-OH2 for the 2 water physiosorbed species. d average
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Heptavalent  NpVIIO3(OH)  also  has  a  planar  structure.  The  Np-O axial  bonds  are  not

identical, as found for PaO2(OH), with the Np-O bond closest to the equatorial H-(O-Np) slightly

longer  by less than 0.01 Å. The Np-O(H) bond is  0.07 Å longer  than the Pa-O(H) bond in

PaO2(OH). Heptavalent PuO3(OH) has a 2A ground state structure (5f1 electron configuration),

which is very similar to the corresponding NpO3(OH) structure. Again, the axial Pu-O bonds are

not the same length and the axial Pu-O are about 0.02 Å shorter than the axial Np-O bonds in

NpO3(OH).  The  equatorial  Pu-O  and  Pu-O(H)  bonds  are  about  0.01  Å  shorter  than  the

corresponding  bonds  in  NpO3(OH).  In  terms  of  bond angles,  there  is  no  significant  change

observed in heptavalent AnO3(OH) structures for An = Pu and Np. The  Oax-An-Oax angle in

AnO3(OH) structures is more than 10 degrees larger than observed in pentavalent PaO2(OH). 

Hydrolysis  Reactions. Hydrolysis  of  An(IV)  The results  for  ThIVO2 are  shown in Table  2 at

different levels of theory (new and previously reported)26,73 and in Figure 1 at the CCSD(T)/aD-

DK  level.  The  current  CCSD(T)-DK  results  are  consistent  with  our  prior  work26 on  the

hydrolysis of ThO2 and that of others.29 The initial step is formation of a Lewis acid/base adduct

between ThO2 and H2O. Proton transfer to a Th=O has a very low barrier and leads to formation

of the di-hydroxide in a very exothermic process. The addition of a second H2O leads to a Lewis

acid/base complex with about the same binding energy as for addition of the first H2O. The

barrier to form the tetra-hydroxide is again very low and formation of Th(OH)4 is an overall

exothermic process leading to complete hydrolysis of ThO2. Overall, the basis set size or the way

that scalar relativistic effects are incorporated does not impact the energetics. The B3LYP values

are all less exothermic than the CCSD(T) values and the differences increase with adding the

second H2O.

9



Table 2. Reaction (ThO2 + H2O) energies (ΔH298K) in kcal/mol 

Product B3LYPa CCSD(T)-DKb CCSD(T)-PPc CCSD(T)/CBSd

n = D n = T n = T CBS
(H2O)ThO2 -18.4 -21.5 -21.1 -21.1 -20.7 -20.3
(H2O)ThO2 (TS1) -18.1 -20.2 -19.7 -19.9 -19.3 -18.5
ThO(OH)2 -57.2 -60.0 -58.8 -59.3 -58.9 -58.7
(H2O)ThO(OH)2 -75.0 -81.4 -79.6 -80.1 -79.3
(H2O)ThO(OH)2(TS2) -74.8 -80.2 -78.5 -79.3 -78.3
Th(OH)4 -116.8 -123.6 -121.2 -122.6 -121.9

a aug-cc-pVDZ(H,O)/cc-pVDZ -PP(Th). b (aug-)cc-pVnZ-DK3. c (aug-)cc-pVnZ-PP from Ref.
73.  dCCSD(T)/CBS(awCVnZ)/PW91+SO +ECP correction from Ref. 26.

Figure 1. Reaction coordinate energies (ΔH298K) in kcal/mol at CCSD(T)/aD-DK for ThO2 
hydrolysis. Thorium in blue, Oxygen in red and Hydrogen white.

The results for the hydrolysis of PaO2 and UO2 are reported in Figure 2. The hydrolysis

energetics are similar for PaO2 and UO2 and are less exothermic than ThO2 hydrolysis. The initial
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step with formation of a Lewis acid/base adduct is less exothermic by 4 to 5 kcal/mol for  PaO2

and UO2 than for ThO2. Proton transfer to a Pa=O has a barrier of ~16 kcal/mol, which is much

higher than that predicted for ThO2, but is still below the reactant asymptote. Proton transfer to a

U=O is predicted to have an even higher barrier of ~22 kcal/mol and the barrier is now above the

reactant  asymptote.  The  formation  of  the  di-hydroxide  for  both  Pa  and  U  are  still  very

exothermic  processes,  although  the  exothermicity  is  about  one-half  that  for  ThO2.  The

chemisorbed, di-hydroxide species are non-planar structure for all 3 actinides. 

Figure 2. Reaction coordinate energies (ΔH298K) in kcal/mol at CCSD(T)/aD-DK for 2PaO2 in red
and 3UO2 hydrolysis in blue. Actinide in blue, Oxygen in red and Hydrogen white.

The addition of a second H2O leads to a Lewis acid/base complex that is comparable for

all three actinides and the binding energy is slightly more favorable than the first H2O binding for

Pa and U. The barrier to form the tetra-hydroxides for Pa and U are higher (~ 8 kcal/mol for both
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Pa and U) than that calculated for Th, although lower than the first water addition barrier. The

formation  of  Pa(OH)4 and  U(OH)4 are  overall  exothermic  process  and  U(OH)4 is  more

exothermic by 4 kcal/mol than Pa(OH)4, but overall both reactions are much less exothermic than

for ThO2.

Hydrolysis  of  An(V) The results  for  hydrolysis  of  PaVO2(OH) are  shown in  Figure  3  at  the

CCSD(T)/aD-DK level and in the Supporting Information at DFT/B3LYP and CCSD(T)/aT-DK

levels.  The addition of the first H2O to form the Lewis acid/base adduct has about the same

exothermicity as for adding H2O to ThO2. The barrier for proton transfer to form PaO(OH)3 is

significantly larger than for ThO2 but it is still below the reactant asymptote. The addition of the

second H2O is about 6 kcal/mol less exothermic than for the first step. The barrier for proton

transfer  is  about  13  kcal/mol,  about  the  same  as  the  first  proton  transfer  barrier.  The

exothermicity of this step is only about 10 kcal/mol. The overall exothermicity of the reaction is

about  55% that  for  ThO2.  There  are  modest  differences  between  the  B3LYP and CCSD(T)

values.
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Figure 3. Reaction coordinate energies (ΔH298K) in kcal/mol at CCSD(T)/aD-DK for PaO2(OH) 
hydrolysis. Protactinium in blue, Oxygen in red and Hydrogen white.

The results for hydrolysis of UVO2(OH) are shown in Figure 4. The addition of the first

H2O to form the Lewis acid/base is an exothermic process, ca. -3 kcal/mol more exothermic than

for the corresponding Pa structure.  Formation of (H2O)UO2(OH) is the most exothermic first

water  addition  complex formed in the current  study. The barrier for proton transfer  to  form

UO(OH)3 is ~15 kcal/mol and is below the reactant asymptote. The chemisorbed product of the

first water addition, UO(OH)3 is a ~9 kcal/mol less stable than its corresponding physiosorbed

product, (H2O)UO2(OH). This is different than what was calculated for PaVO2(OH). Moreover

UO(OH)3 and PaO(OH)3 are calculated to have different geometries. PaO(OH)3 optimizes to a

C3v-like structure whereas the lowest energy UO(OH)3 is a C2v-like structure with 2 equatorial

OHs and an O and an OH in axial positions with a O-U-O(H) angle of 147.8º. The UO(OH)3 C3v

symmetry structure is a minima as well and is less than 1 kcal/mol higher in energy. The addition

of the second H2O to UO(OH)3 is more exothermic than the first water addition by ~6 kcal/mol.

The barrier for proton transfer is about 12 kcal/mol, 3 kcal/mol less than the first proton transfer

barrier. The exothermicity of this step to form the chemisorbed product, U(OH)5, is only about

12 kcal/mol. The product, U(OH)5 is a C4v-like structure which differs from the corresponding

Pa(OH)5 , which is a D3h-like structure, with 2 axial and 3 equatorial Pa-O(H) bonds. 

Hydrolysis  of  An(VI) The  results  for  hydrolysis  of  UVIO3 are  shown  in  Figure  5  at  the

CCSD(T)/aD-DK level and in the Supporting Information at the DFT/B3LYP and CCSD(T)/aT-

DK levels. The initial Lewis acid/base adduct binding energy is essentially the same as those for

ThO2 and PaO2OH. The initial proton transfer barrier is slightly smaller than in PaO2OH. The
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binding energy for the second H2O is larger than for PaO(OH)3 but smaller than for ThO(OH)2.

However, the transition state for the transfer of the proton in this step to form UO(OH)4 is much

higher  in  energy,  ~  26  kcal/mol,  and  UO(OH)4 is  less  stable  than  (H2O)UO2(OH)2 by  13

kcal/mol. Addition of a third H2O leads to a complex (H2O)UO(OH)4 that is slightly more stable

by 4 kcal/mol  than (H2O)UO2(OH)2.  A proton transfer  transition  state  that  is  ~ 27 kcal/mol

separates (H2O)UO(OH)4 from U(OH)6 and U(OH)6 is less stable than (H2O)UO(OH)4 by 11

kcal/mol. Depending on the conditions, the sinks for hydrolysis of UO3 are the (H2O)UO2(OH)2

and (H2O)UO(OH)4 complexes, in contrast to hydrolysis of ThO2 and PaO2OH where the sinks

are the fully hydroxylated Th(OH)4 and Pa(OH)5 species, respectively.

Figure 4. Reaction coordinate energies (ΔH298K) in kcal/mol at CCSD(T)/aD-DK for 2UO2(OH) 
hydrolysis. Uranium in blue, Oxygen in red and Hydrogen white.

The hydrolysis results for  2NpVIO3 are shown in Figure 6 at the CCSD(T)/aD-DK level

with additional energetics at different computational levels in the Supporting Information. The
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energetics  of  2NpO3 hydrolysis  are  comparable  and  follow  the  same  trends  to  what  was

calculated for the corresponding UO3 hydrolysis. Overall,  2NpO3 hydrolysis is up to 8 kcal/mol

less  exothermic  than UO3 hydrolysis  with larger  energy differences  predicted  as  more water

molecules 
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Figure 5. Reaction coordinate energies (ΔH298K) in kcal/mol at CCSD(T)/aD-DK for UO3 hydrolysis. Uranium in blue, Oxygen in red 
and Hydrogen white.
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are added. Again, the initial chemisorbed water adduct binding energy is essentially the same as

those for ThO2, PaO2OH and UO3. The first chemisorption product,  AnO2(OH)2 optimizes to a

structure with C2 symmetry for An = U with 2 axial U-OH’s with (H)O-U-O(H) angle of 112º

and O-U-O angle of 169 º and to a C2h symmetry structure for An = Np. The An=O bonds are ~

0.03 Å shorter for NpO2(OH)2 than the corresponding U species. Similar changes were predicted

for the initial AnO3 species. The An-OH bond distances in AnO2(OH)2 do not significant change

for U to Np.  As calculated for UO3, the  (H2O)NpO(OH)4 complex is more favorable than the

fully hydroxylated species, Np(OH)6.

Figure 6. Reaction coordinate energies (ΔH298K) in kcal/mol at CCSD(T)/aD-DK for 2NpO3 
hydrolysis.  Neptunium in blue, Oxygen in red and Hydrogen white.
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Hydrolysis  of  An(VII) The  reaction  coordinate  for  the  hydrolysis  of  NpVIIO3(OH)  at  the

CCSD(T)/aD-DK level is  shown in Figure 7.  A complication  arises  in the prediction  of the

reaction coordinate for these systems as there could be a change in the electronic structure of a

complex from the +VII to the +VI oxidation state of Np or Pu, as seven OH groups may not be

able to support the +VII oxidation state. The lowest energy structures for Np(OH)7 and Pu(OH)7

have a spin split between two of the OH groups so that the An is in the +VI oxidation state. Thus,

the Np in Np(OH)7 has a single unpaired electron on it and the other electron is split between two

OH groups, so that the ground state is a triplet. The singlet-triplet splittings for the NpVIIO3(OH)

hydrolysis reaction coordinate at the DFT level are given in the Supporting Information and only

Np(OH)7 has a triplet ground state. For Pu(OH)7, the Pu is in the +VI oxidation state with two

unpaired 5f electrons coupling to an electron split between two OH groups which gives a quartet

ground state for Pu(OH)7. The doublet-quartet splittings for the PuVIIO3(OH) hydrolysis reaction

coordinate are also given in the Supporting Information and, in general, the splittings decrease in

size as H2O molecules are added and O atoms are converted to OH groups. For the Pu reaction

coordinate, the first transition state is also a quartet ground state with 2 unpaired spins on Pu and

one spin on one OH group with a small doublet-quartet splitting.

The hydrolysis steps of the high +VII formal oxidation state Np, NpO3(OH), is calculated

to be not as favorable as shown in the previously high oxidation state actinide species from Th-

U. The initial water adduct is an exothermic process with energetics comparable to the initial

Lewis acid-base adducts shown above for the early actinides. The barrier for proton transfer from

the adduct to the first di-hydroxide intermediate has increased to 23 kcal/mol. The first water

adduct and the dihydroxyl complex, NpO2(OH)3, are essentially isoenergetic. The physisorption

binding energy for the second H2O is an exothermic process and represents the lowest energy
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point  of  the  energy surface.  The barrier  for  proton transfer  to  form  NpO(OH)5 is  about  41

kcal/mol.  NpO(OH)5  is  30  kcal/mol  less  stable  than  the  initial  di-hydroxide  intermediate,

NpO2(OH)3. Formation of Np(OH)7 is not an energetically favorable process and no water adduct

or a corresponding transition state could be optimized leading to Np(OH)7  from the NpO(OH)5

intermediate.

The reaction coordinate for hydrolysis of  2PuO3(OH)  at the CCSD(T)/aD-DK level is

shown in Figure 7 as well. The  hydrolysis reaction of  2PuO3(OH) follows the same trends as

predicted for NpO3(OH) hydrolysis. The first barrier to transfer the proton to form PuO2(OH)3 is

2 kcal/mol lower than what was calculated for the corresponding Np structure and this transition

state is a quartet. The first di-hydroxy intermediate, PuO2(OH)3, is 8 kcal/mol less stable than the

initial water adduct, whereas for the corresponding Np compound, this di-hydroxy intermediate

was isoenergetic with the formation of the first water adduct. The formation of the second water

Lewis acid-base adduct is favorable, 5 kcal/mol less exothermic than for the corresponding Np

complex.  PuO(OH)5  is  28  kcal/mol  less  stable  than  the  initial  di-hydroxide  intermediate,

PuO2(OH)3, and as predicted for Np, the formation of Pu(OH)7  is not an energetically favorable

process. Again, no water adduct or corresponding transition state could be optimized for addition

a water to the PuO(OH)5 intermediate to form Pu(OH)7.

Hydration vs full hydrolysis products For all of the high oxidation state oxo or oxo/hydroxo

initial complexes, formation of the first water adduct is an exothermic process. The energetics for

the closed shell species are all ~ -22 kcal/mol, independent of the formal oxidation state. The

open shell species show more variation with PaO2 and UO2 having values of ca. -17 kcal/mol and

UO2(OH) having a value of -25 kcal/mol (Table 3). The addition of the second H2O releases
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essentially the same amount of energy for all the actinides and ranges from -19 to -21 kcal/mol,

just about double the energy to add one H2O, again with some of the open shell species being

slightly  less  exothermic,  as  low as  -12 kcal/mol  for  the  second water  addition  (NpO3).  The

addition of the third H2O follows the same pattern of being independent of actinide. 

The An-OH2 bond distances for 1 water and 2 water hydration are reported in Table 1.

Excluding ThO2, there are very small changes in the An-OH2 bond distances with the actinide for

both 1 water and 2 water hydration products and the 2 water product has slightly longer An-OH2

bond distances than the 1 water hydration product.

Figure 7. Reaction coordinate energies (ΔH298K) in kcal/mol at CCSD(T)/aD-DK for 1NpO3(OH)
and  2PuO3(OH) hydrolysis.  T  =  Triplet,  Q =  Quartet.  Actinide  in  blue,  Oxygen  in  red  and
Hydrogen white. 
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Table 3. Overall reaction energies (ΔH298K) in kcal/mol at the CCSD(T)/aD-DK level.

Initial
Species 1 H2O 2 H2O 3 H2O

ΔHa Chemisorbb ΔHc Physisorb ΔHa Chemisorbb ΔHc Physisorb ΔHa Chemisorbb ΔHc

ThO2 -21.5 ThO(OH)2 -60.0 (H2O)2ThO2 -42.7 Th(OH)4 -123.6
PaO2 -17.8 PaO(OH)2 -23.5 (H2O)2PaO2(C2v) -36.1 Pa(OH)4 -75.0
UO2 -16.3 UO(OH)2 -30.7 (H2O)2UO2(C2) -31.8 U(OH)4 -78.9

PaO2(OH) -21.9 PaO(OH)3 -42.8 (H2O)2PaO2(OH) -41.8 Pa(OH)5 -67.7
UO2(OH) -25.1 UO(OH)3 -16.3 (H2O)2UO2(OH) -42.3 U(OH)5 -55.2

UO3 -22.2 UO2(OH)2 -46.0 (H2O)2UO3 -42.6 UO(OH)4 -54.8 (H2O)3UO3 -58.4 U(OH)6 -60.2
NpO3 -22.4 NpO2(OH)2 -39.3 (H2O)2NpO3 -34.4 NpO(OH)4 -36.8 (H2O)3NpO3 -58.9 Np(OH)6 -52.0

NpO3(OH) -21.7 NpO2(OH)3 -20.6 (H2O)2NpO3(OH) -41.1 NpO(OH)5 -9.5 (H2O)3NpO3

(OH) - Np(OH)7 12.3

PuO3(OH) -21.6 PuO2(OH)3 -13.8 (H2O)2PuO3(OH) -40.9 PuO(OH)5 -6.4 (H2O)3PuO3(
OH) - Pu(OH)7 19.4

a Physisorption of H2O enthalpy
b Chemisorbed species after addition of n H2O, for n = 1, 2 or 3.
c Chemisorption of H2O enthalpy
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The hydrolysis of ThO2 is characteristic of transition metal oxide hydrolysis73 with the

energy  to  form the  hydrolysis  product,  Th(OH)4,  almost  3  times  more  exothermic  than  for

formation  of  the  hydration  product,   (H2O)2ThO2 (Table  3).  The  complete  hydrolysis  of

PaO2(OH) to Pa(OH)5 is preferred over the hydration product, (H2O)2PaO2(OH), although the

hydrolysis product is not as exothermic as for Th supporting our previous results for PaO2
+ that

the formal Pa(V) oxidation state is more transition metal-like than actinide-like.73 For UO3, the

hydrolysis product, U(OH)6, and hydration product, (H2O)3UO3, are essentially isoenergetic. For

NpO3, the hydration product, (H2O)3NpO3, is preferred over the hydrolysis product, Np(OH)6.

For NpO3(OH), a maximum of 2 water molecules can bind to Np(VII) in the first solvation shell

and  the  hydration  product  is  clearly  preferred  over  its  corresponding  hydrolysis  product,

NpO(OH)5. Reaction energetics similar to NpO3(OH) were calculated for the corresponding PuVII

compound, PuO3(OH).

Natural Population Analysis The NPA values from the Natural Bond Orbitals are given in the

Supporting Information. The 6p populations are not quite fully populated with 6 electrons. The

amount of population in the 6p orbitals decreases as the formal oxidation state increases. For

ThO2, the Th has a positive charge of +2.5 e which increases as water molecules are added and

converted  to  hydroxides.  The  increase  in  positive  charge  comes  with  a  loss  of  electronic

occupation from the 5f and 6d orbitals. For 2PaO2, the charge on the Pa is about 0.4 e less than on

the Th in ThO2. As H2O molecules are added and converted to hydroxides, the positive charge on

the Pa increases as for ThO2. The unpaired spin in 2PaO2 is mostly localized in the 7s with a small

amount in the 6d and there are about 1.3 e doubly occupied electrons in the 5f and 0.9 electrons
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doubly occupied in the 6d. The amount of spin on the 7s decreases and the amount of spin in the

6d increases on addition of the first H2O molecule. 

At PaO(OH)2, there is a significant decrease in the 5f population. Addition of the second

H2O leads to a transfer of spin from the 7s and 6d to the 5f so that the electron configuration is

predominantly  5f1.  The population  in  the  5f  almost  doubles  from that  in  PaO(OH)2 and  the

number of electrons in the 7s drops to under 0.1 e. The 6d orbital population also is decreasing as

H2O molecules are added as was found for ThO2. However, after the dip in the 5f population at

PaO(OH)2,  the  amount  of  5f  character  remains  approximately  constant  with  about  0.3  in

backbonding coupled with the approximately 1 unpaired electron on the Pa. In many ways 3UO2

is like 2PaO2. The initial state is 7s15f1 and this converts to 7f2 during UO(OH)2 formation, at the

first transition state. In this case, the 5f population increases at TS1 and the 7s population drops

almost to zero. As for the other two oxides already discussed, the 6d population deceases on H2O

addition, but there is still a significant 6d population even for U(OH)4. 

As would be expected, there is a larger positive charge on the Pa, in PaO(OH)2 than on

the Pa in PaO2. The positive charge on the Pa increases with addition of H2O and conversion to

hydroxides. The amount of spin paired backbonding to the 5f decreases with H2O addition but

the amount of 6d backbonding does not decrease by very much, and there is larger 6d occupancy

as compared to PaO2. For 2UO2(OH), the positive charge on the U increases as H2O is added as

found for PaO2(OH). The spin remains in a 5f orbital throughout the reaction coordinate. There is

a  slight  dip  in  the  5f  unpaired  spin  for  UO(OH)3.  The  amount  of  5f  orbital  backbonding

decreases with H2O addition and the 6d backbonding electrons show only minor variations. As

found for  many of  the other  compounds,  the  5f  population  decreases  as  H2O molecules  are

added.
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The  addition  of  H2O molecules  to  UO3 follows  the  trends  discussed  above  with  an

increase in positive charge and decreases in the 5f and 6d backbonding electron populations. The

maximum positive charge peaks at  UO(OH)4. The same trends are found for NpO3 with the

unpaired electrons remaining in the 5f orbitals on the Np. There is less increase in the positive

charge on the Np as H2O molecules are added. The same peak for the maximum positive charge

occurs for NpO(OH)4.

The positive charge on the Np in NpO3(OH) is almost the same as in NpO3. There is less

variation in the positive charge with addition of H2O and the peak in the positive charge is at

NpO2(OH)3. There is essentially no variation in the 6d population and the population in the 5f

orbitals  decrease  somewhat  until  NpO2(OH)3 with  very  small  changes  for  additional  H2O

molecules. For the reaction coordinate for PuO3(OH), the unpaired spin remains in the 5f orbitals

with the two exceptions noted above where the ground states are quartets with 2 unpaired 5f

electrons on Pu and one unpaired spin on one or two OH groups. The charges on the Pu follow

the same patterns as for the Np on the NpO3(OH) reaction coordinate. The high spin ground state

species have slightly more positive charge on the An.  

The  physiosorbed  water  complexes  have  positive  An  charges  similar  to  their

corresponding initial  oxo/hydroxo species  and these charges  slightly decrease as more water

molecules are added. The only exception is observed for  ThO2 where the Th charges on the

physiosorbed water  complexes  increase  relative  to  the initial  ThO2.  There  are  no significant

changes in the orbital occupation from 1 to 2 to 3 physiosorbed water complexes.

Assessment of hydrolysis transformations  The chemisorption hydrolysis processes correspond

to conversion of an oxo to two hydroxo ligands, with no change in the formal actinide oxidation
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state. The hydrolysis energy reflects changes in bonding, with greater exothermicity indicating

higher relative stability of the created hydroxo bonds versus the disrupted oxo. The computed

hydrolysis energies and actinide charges are summarized in Table 4 and Figures 8 and 9. The

three  basic  types  of  oxo ligands  in  initial  and partially  hydrolyzed  species  are  classified as

follows:   an “equatorial”  oxo is  approximately  cis to  two “axial”  oxos,  as in  AnO3;  “axial”

actinyl-like oxos are approximately trans to one another, as in AnO2(OH)2; and a “terminal” oxo

is the final oxo that is hydrolyzed, as in AnO(OH)4. The hydrolysis reactions are accordingly

classified in Figure 8 based on the type of oxo hydrolyzed: H-Eq for equatorial oxo hydrolysis;

H-Ax for axial oxo hydrolysis; and H-Term for terminal oxo hydrolysis.

Table 4. Charges on actinides and hydrolysis enthalpies in kcal/mol at the CCSD(T)/aD-DK 
level.

Initial Species  1st Hydrolysisc 2nd Hydrolysisd 3rd Hydrolysise

q(An)a ΔH298K q(An)b ΔH298K q(An)b ΔH298K q(An)b

ThO2 2.500 -60.0 2.807 -63.6 2.990 - -
PaO2 2.102 -23.5 2.493 -51.5 2.824 - -
UO2 1.970 -30.7 2.583 -48.2 2.755 - -

PaO2(OH) 2.818 -42.8 3.068 -24.9 3.064 - -
UO2(OH) 2.651 -16.3 2.893 -38.9 2.901 - -

UO3 2.626 -46.0 2.776 -8.8 2.873 -5.4 2.813
NpO3 2.409 -39.3 2.586 2.5 2.686 -15.2 2.559

NpO3(OH) 2.406 -20.6 2.548 11.1 2.459 21.8 2.462
PuO3(OH) 2.269 -13.8 2.336 7.4 2.262 25.8 2.363

a Charge on actinide in initial species AnOm(OH)n.
b Charge on actinide in hydrolysis product.
c 1st Hydrolysis reaction:  AnOm(OH)n + H2O → AnOm-1(OH)n+2.
d 2nd Hydrolysis reaction:  AnOm-1(OH)n+2 + H2O → AnOm-2(OH)n+4.
e 3rd Hydrolysis reaction:  AnOm-2(OH)n+4 + H2O → AnOm-3(OH)n+6.

Referring to Figure 8a, the initial hydrolysis reaction H-Ax is very exothermic for ThO2,

which is highly bent and has longer bonds than the other AnO2. The absence of a near-linear
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actinyl  moiety  in  ThO2 is  evidently  manifested  as  a  particularly  favorable  oxo-to-hydroxo

conversion. For linear PaO2 and UO2, and the slightly bent (168⁰) dioxo moiety in UO2(OH),

disruption of the actinyl-like unit by hydrolysis reaction  H-Ax is significantly less exothermic

than for ThO2. In comparison, reaction H-Ax of the dioxo in PaO2(OH), which is bent to 161⁰,

has intermediate exothermicity between highly bent ThO2 and linear PaO2. These results suggest

that resistance of the AnO2 moiety to disruption increases as it becomes more linear actinyl-like.
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The  H-Term reactions  for  ThO(OH)2,  PaO(OH)2,  UO(OH)2 and  UO(OH)3 are  more

exothermic than for the corresponding  H-Ax, indicating easier disruption of the terminal oxo

than for conversion to the actinyl-like moiety. In contrast,  reaction  H-Term for PaO(OH)3 is

remarkably significantly less exothermic, i.e., less favorable, than reaction H-Ax for PaO2(OH).

To understand this seemingly odd relationship for PaV, it is noted that the sum of the energies for

reaction H-Ax + reaction H-Term is similar for UO2(OH) and PaO2(OH) (-55 and -68 kcal/mol,

respectively). The distribution of energies for PaV hydrolysis—highly exothermic reaction H-Ax

and mildly exothermic reaction H-Term—may relate to a particularly stable initial reaction H-

Ax hydrolysis product, PaO(OH)3, which has a C3v-like “piano stool” structure. In contrast, the

structure  of  UO(OH)3 has  lower  C2v-like  symmetry,  with  one  of  the  three  hydroxo  ligands

retaining some “axial” character from the dioxo precursor (see structures in Figures 3 and 4). In

essence, the differing hydrolysis character of PaV versus UV appears to reflect greater resistance

of the uranyl(V) moiety towards disruption.  An essentially  equivalent  perspective is  that  the

distinctively favorable reaction H-Eq for PaO2(OH) reflects more ionic character and less bond

disruption upon hydrolysis of the protactinyl(V) moiety.  

Considering the species in Figure 8b with high oxidation states AnVI and AnVII, the H-Eq

reactions for UO3 and NpO3 are highly exothermic whereas all the other hydrolyses are in the

range  of  moderately  exothermic  to  substantially  endothermic.  A given type  of  hydrolysis—

reaction H-Eq, H-Ax or H-Term—is less exothermic for AnVII versus AnVI, which may relate to

decreasing  bond  ionicity  with  increasing  oxidation  state  because  lower  ionicity  for  higher

oxidation states should generally favor more covalent oxo versus ionic hydroxo bonds. Another

factor that should generally disfavor hydrolysis of higher oxidation states is increased repulsion

30



between hydroxide ligands as the actinide coordination increases, an effect greatest for the AnVII

species. For all four considered AnVI and AnVII systems, destruction of the actinyl-like moiety in

hydrolysis reaction H-Ax is less exothermic than for the equatorial oxo in reaction H-Eq, which

is as expected based on the high stability of the dioxo unit. For the two AnVI, reaction H-Term is

at a roughly similar energy to reaction H-Ax, whereas reaction H-Term for AnVII is substantially

less favorable than H-Ax. Moreover, the H-Term reaction energetically favors high spin ground

state species with AnVI, not AnVII, as seven OH groups are not strong enough ligands to stabilize

the +VII oxidation state on the actinides. The results that these H-Term reactions are not more

favorable  than  reaction H-Ax likely  also  reflects  repulsion  between  the  ligands  in  the  high-

coordinate products, particularly in An(OH)7. 

Although the computed actinide charge, q(An), is not a physically observable property, it

provides a useful basis for comparisons. Values of q(An) are summarized in Table 4 and Figure

9. For homoleptic  species like UO2 and Th(OH)4,  q(An) indicates the metal-to-ligand charge

transfer for equivalent ligands, which in turn reveals the An-OH bond ionicity. For heteroleptic

species like PaO2(OH) and Pa(OH)5,  q(An) does not differentiate charge transfer to the non-

equivalent ligands, instead indicating the overall ionic character of the molecule. For each of the

three  AnIV species—AnO2,  AnO(OH)2 and  An(OH)4—the  values  for  q(PaIV)  and  q(UIV)  are

similar to one another, and lower than q(ThIV). More generally, for all oxidation states, the lighter

of the neighboring actinides has the higher charge:  q(ThIV) > q(PaIV); q(PaV) > q(UV); q(UVI) >

q(NpVI);  q(NpVII)  >  q(PuVII).  These  relationships  suggest  that  bond  ionicity,  as  indicated  by

charge transfer, decreases from lighter to heavier actinides; an equivalent statement is that bond

covalency increases across the actinide series.
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Figure 9 shows the effect of hydrolysis of the AnIV on q(An), which increases from AnO2

to AnO(OH)2 to An(OH)4. An analogous trend of continuously increasing q(An) upon hydrolysis

and increasing coordination is not exhibited for higher oxidation states. For AnV, q(An) increases

from AnO2(OH) to AnO(OH)3 but then remains nearly constant to An(OH)5. For AnVI, there is an

increase in q(An) for the first two hydrolyses—from AnO3 to AnO2(OH)2 and also to AnO(OH)4

—but a decrease for the final hydrolysis to An(OH)6. For AnVII, q(An) increases for the initial

hydrolysis  from  AnO3(OH)  to  AnO2(OH)3,  but  then  decreases  to  AnO(OH)5.  The  cases  of

decreasing  q(An) upon hydrolysis  indicate  net  charge  transfer  from the ligands  to the metal

center  when  an  oxo  is  converted  to  two  hydroxos  with  a  concomitant  increase  in  actinide

coordination.  Such a reversal of charge transfer—essentially ligand-to-metal rather than more

typical  metal-to-ligand  transfer—appears  for  coordination  number  above  four  or  five.  For

example, the five ligands in UO(OH)4 (q(U) = 2.87) withdraw more charge than the six ligands

in U(OH)6 (q(U) = 2.81), with the overall bonding in the latter thus less ionic and implicitly more

covalent. 

In analogy with the curious ligand-to-metal charge transfer effect noted above for fixed

oxidation states like UVI,  the seemingly counterintuitive effect of decreasing positive actinide

charge  upon  addition  of  formally  electron-withdrawing  ligands  also  appears  for  different

oxidation states. For example, the charge q(U) intuitively increases from 2.76 in U IV(OH)4 to

2.90 in UV(OH)5, but it then decreases to 2.81 in UVI(OH)6. The effect is more obvious upon

considering  the average charges  on the hydroxide ligands in  the fully  hydroxylated  species,

An(OH)n. The average hydroxide charge parameter is here simply defined as:  qAV(OH) = -q(An)/

n. Although the charge on all hydroxides is not necessarily equal to the average for a heteroleptic

species like Pa(OH)5, qAV(OH) is nonetheless a useful indicator of the typical bond character in
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such  species.  The  parameter  qAV(OH)  becomes  substantially  less  negative  with  increasing

hydroxylation of uranium:  the values of qAV(OH) are -0.69 in U(OH)4, -0.58 in U(OH)5 and -

0.47 in U(OH)6. A similar charge comparison is shown in Figure 10a for species with different

actinides in their 
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highest  oxidation  states,  ThIV,  PaV,  UVI and  NpVII.  There  is  a  slight  increase  in  q(An)  from

Th(OH)4 to Pa(OH)5, followed by substantial decreases to U(OH)6 and then to NpO(OH)5. These

relationships indicate less net charge transfer from the actinide upon addition of the sixth and

seventh hydroxide ligands. Considering the corresponding qAV(OH) in Figure 10b, the hydroxide

charges become substantially less negative as the oxidation state increases: the qAV(OH) are -0.74

in  Th(OH)4;  -0.61  in  Pa(OH)5;  -0.47  in  U(OH)6 and  -0.41  in  NpO(OH)5.  Trends  in  charge

transfer can be summarized as follows:  For increasing coordination at constant oxidation state,

such as UVI, and for increasing both coordination and oxidation state, such as from Th IV to NpVII,

the ionicity of each An-OH bond decreases and bond covalency thus increases.

Conclusions

Hydrolysis reaction energetics for oxo and oxo-hydroxo actinide monomers have been

calculated for the actinides An =Th- Pu in high oxidation states at the CCSD(T) level.  Each

reaction is initiated by formation of a Lewis acid/base adduct with H2O followed by a proton

transfer to form a dihydroxide molecule and repeated until all oxo groups are hydrolyzed. ThIVO2

proved to be the species most capable of easily undergoing hydrolysis and the energetics are

similar to those for transition metal oxides. The amount of energy released on formation of the

fully hydrolyzed molecule Th(OH)4 is almost twice that of the corresponding Pa or U species.

The physisorption for each H2O addition was predicted to be exothermic and approximately the

same,  ca. -20 kcal/mol,  with small  energy changes  for the open shell  species.  For the early

actinide oxo and oxo/hydroxo species with An in the +IV and +V oxidation states, hydrolysis

products are preferred energetically over the hydration products. The An in the +VI oxidation

state are a turning point where for UO3, the hydrolysis product, U(OH)6, and hydration product,

(H2O)3UO3,  are essentially  isoenergetic  and for NpO3,  the hydration product,  (H2O)3NpO3,  is
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preferred over the hydrolysis product, Np(OH)6. For An in the +VII oxidation state, the hydration

products are preferred and only 2 waters can bind AnVIIO3(OH). The complete hydrolysis process

is calculated to be endothermic. 

For the An in formal oxidation states +IV - +VI, especially for the closed shell molecules,

there  is  a  large  positive  charge  on  the  An  of  the  initial  species  which  increases  as  water

molecules are added and converted to hydroxides. As this charge increases, there is a decrease in

the 5f and 6d backbonding electron populations on the An. There is a decrease in the An charge

from closed shell to open shell species. For An in the +VII oxidation state, there is less variation

in  the  positive  charge  with  addition  of  H2O and  there  is  essentially  no  variation  in  the  6d

population and the population in the 5f orbitals.

The  reaction  energies  and  NBO  charges  elucidate  the  nature  of  these  hydrolysis

processes. Initial hydrolysis of AnIVO2 destroys the actinyl-like moiety and is thus energetically

less favorable than hydrolysis of the terminal oxo in O=AnIV(OH)2. Whereas UVO2(OH) similarly

exhibits  more  favorable  terminal  versus  axial  hydrolysis,  the  dioxo moiety  in  PaVO2(OH) is

remarkably more easily hydrolyzed than the terminal oxo in O=PaV(OH)3. For the AnVII species,

hydrolysis of the final terminal oxo is endothermic and the An oxidation state is +VI leading to a

high spin triplet for Np and a quartet for Pu with a spin on two OH groups in the An(OH)7. Thus,

the  OH  groups  are  not  strong  enough  ligands  to  stabilize  the  +VII  oxidation  state,  so  the

molecule does not have full ionic bonding. In addition, repulsion between the more crowded

ligands could also contribute to the destabilization of An(OH)7. The actinide charges and bond

ionicities generally decrease across the series, such that NpVIO3 is less ionic than UVIO3. Ionic

character also decreases as the oxidation state and coordination number increase, with the An-
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OH bonds in ThIV(OH)4 the most ionic and those in NpVIIO(OH)5 the least ionic, to wit the most

covalent.
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