Physical Chemistry Chemical Physics

o

PCCP
-

Prediction of the Structures and Heats of Formation of MO,
MO3, and M>0O5 for M = V, Nb, Ta, Pa

Journal: | Physical Chemistry Chemical Physics

Manuscript ID | CP-ART-01-2023-000380.R1

Article Type: | Paper

Date Submitted by the

Author: 12-Feb-2023

Complete List of Authors: | Lontchi, Eddy; The University of Alabama, Chemistry
Mason, Marcos; The University of Alabama, Chemistry
Vasiliu, Monica; The University of Alabama, Chemistry
Dixon, David; The University of Alabama, Chemistry

SCHOLA

RONE™
Manuscripts




Page 1 of 40

Physical Chemistry Chemical Physics

Prediction of the Structures and Heats of Formation of MO,, MO3, and M,0s for M=V,
Nb, Ta, Pa
Eddy Lontchi, Marcos M. Mason, Monica Vasiliu, and David A. Dixon"
'Department of Chemistry and Biochemistry, The University of Alabama, Shelby Hall,
Tuscaloosa AL 35487-0336, United States
Email: David A. Dixon: dadixon@ua.edu
Abstract

Mono-, di-, and tri-bridge isomers of M,05s as well as those for the MO, and MOj; fragments
for M =V, Nb, Ta, and Pa were optimized at the density functional theory (DFT) level. Single
point CCSD(T) calculations extrapolated to the complete basis set (CBS) limit at the DFT
geometries were used to predict the energetics. The lowest energy dimer isomer was the di-bridge
for M =V and Nb and the tri-bridge for M = Ta and Pa. The di-bridge isomers were predicted to
be composed of MO," and MO;" fragments, whereas the mono- and tri-bridge are two MO,*
fragments linked by an O%. The heats of formation of M,0Os dimers, as well as MO, and MO;
neutral and ionic species were predicted using the Feller-Peterson-Dixon (FPD) approach. The
heats of formation of the MFs species were calculated to provide additional benchmarks.
Dimerization energies to form the M,05 dimers are predicted to become more negative going down
group 5 and range from -29 to -45 kcal/mol. The ionization energies (IEs) for VO, and TaO, are
essentially the same at 8.75 eV whereas the IEs for NbO, and PaO, are 8.10 and 6.25 eV,
respectively. The predicted adiabatic electron affinities (AEAs) range from 3.75 eV to 4.45 eV for
the MOj; species and vertical detachment energies from 4.21 to 4.59 eV for MO;~. The calculated
M=0 bond dissociation energies increase from 143 kcal/mol for M =V to ~ 170 kcal/mol for M =

Nb and Ta to ~ 200 kcal/mol for M = Pa. The M-O bond dissociation energies are all similar
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ranging from 97 to 107 kcal/mol. A natural bond analysis provided insights into the types of
chemical bonds in terms of their ionic character. Pa,Os is predicted to behave like an actinyl
species dominated by the interactions of approximately linear PaO," groups.
Introduction

A fundamental understanding of the bonding, energetics, and structures of transition metal
clusters can provide insights into their unique chemical properties. There is broad interest in the
chemistry of transition metal oxide due to the potential use of these oxides in catalytic, magnetic,
optical, electrochemical, and energy storage applications.!> As an example, vanadium oxide
catalysts are used for a number of important reactions, including the oxidation of methanol,’
industrial sulfuric acid production, and the removal of NOy pollutants from combustion processes
via the selective catalytic reduction (SCR) reactions.*>® Small vanadium oxide clusters have been
used to model a range of catalytic activities”®° using structures based on a combined NMR and
computational determination of the structures of the supported clusters.!%!! Oxides of niobium and
tantalum have received attention in high temperature chemistry and for optical applications.!>13.14
In many, if not most of their applications, group 5 oxides are employed as a single surface layer
deposited on a support material often as M,0s. Group 5 oxides are known to show a high degree
of polymorphism and variability in oxygen composition, and vanadium oxides in particular
reversibly lose oxygen on heating.!> Studies of Nb,Os and Ta,Os have mainly focused on their
properties in condensed phases.!6:17:18:19

The protactinium oxides are not as well explored as the group 5, (V, Nb, and Ta) oxides.
Pa shares a pentavalent oxidation state, but the ground state of Pa is the 5f26d'7s?> configuration
allowing for f and d orbital chemistry as compared to the ns>md? valence configuration for the

group 5 transition metals. Pa plays an important role in the nuclear enterprise.?? A previous study
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of the role of 5f and 6d orbitals of actinide oxides in the bulk showed that Pa is the point at which
the f and d orbital cross energetically.?! Wilson et al.?> explored the potential behavior of Pa as
being transition metal-like via synthesis and bonding analysis of a Pa peroxo-cluster, and
determined that the valence population of Pa is roughly the same in the 5f and 6d orbitals compared
to later actinides. Recent theoretical studies have explored the crystallographic phases of Pa,0Os.
Siberchicot and Aupiais?® performed density functional theory (DFT) calculations on various
crystallographic phases of Pa,Os to predict their electronic structure. Liu et al.>* performed similar
DFT calculations to predict the structure of Pa,Os based on the crystallographic phases of V,0s,
Nb,0Os, and Ta,0s. Liu et al.> extended their investigations to Pa,Os structures formed from the
fluorite structure.

As studies into the gas-phase structure and properties of the group 5 M,0s species have not
been as broadly explored as their chemistry in other phases, %6 it is important to gain further insights
into their properties. Vyboishchikov et al. performed DFT calculations for three V,05 isomers and
predicted the di-bridge isomer to be the most stable isomer with the mono-bridge higher by 16.5
(69 kJ/mol) and 18.6 (78 kJ/mol) kcal/mol with the B3LYP and BP86 functionals, respectively.?’-?8
The tri-bridge V,05 isomer was the least stable and was predicted to be a higher order saddle point
that without symmetry constraints optimized to the di-bridge isomer. Calatayud et al.?° similarly
found three isomers of neutral and anionic V,0s at the DFT/B3LYP level, with the tri-bridge
structure as a saddle point 6.9 kcal/mol higher in energy than the di-bridge isomer. Kovacs has
recently summarized the properties of high valent actinides oxide dimers starting at U.30

As part of our efforts3!:32:33,34.35.36.37 to understand the structure and reactivity of transition
metal oxide compounds and how they compare with the actinides, we have predicted the structures

and energetics of M,05 for M =V, Nb, Ta, and Pa using computational chemistry methods based
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on the Feller Peterson Dixon (FPD) composite correlated molecular orbital theory
approach.38-3%4041.42 Tn addition, we have used this same approach to predict the energetics for
MO,%" and MOz~ which are important fragments. The current results substantially extend the
available reliable energetic information on these metal oxides.
Computational Methods

Geometry optimizations and vibrational frequency calculations were calculated at the
DFT# level using the hybrid exchange-correlation functional B3LYP.444546 These calculations
use the correlation consistent basis sets aug-cc-pVDZ for H, O, and F47:4%4 and the aug-cc-pVDZ-
PP basis sets for the group 5 metals’%>15233:54 and cc-pVDZ-PP for Pa.>* The effective core
potentials (ECPs) include 10 electrons in the 1s2s2p orbitals for V, 28 electrons in the
1s2s2p3s3p3d orbitals for Nb, and 60 electrons in the 1s2s2p3s3p3d4s4p4d4f orbitals for Ta and
Pa. Frequency calculations were used to calculate the zero-point energy (AEzpg) to obtain
thermodynamic energies, described below. DFT calculations were performed using Gaussian 16.3

To calculate the total atomization energies and reaction energies, a series of single point
calculations at the DFT optimized geometries were performed at the CCSD(T) (coupled cluster
with single and double excitation with a perturbative triples correction) level.>6->7->8-59 The Kohn-
Sham PW9160:61.62 orbitals were used for the correlation calculations as these can provide better
orbitals in terms of the initial correlation effects.3%37 The open-shell calculations were done with
the R/UCCSD(T) approach, where a restricted open-shell Hartree-Fock (ROHF) calculation using
the PWO91 orbitals was performed and the spin constraint was then relaxed in the coupled-cluster
calculation.636465 Results with the HF orbitals are given in the Supporting Information. Correlation

consistent basis sets with the appropriate ECPs were used in all CCSD(T) calculations. Other
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calculations were performed for some specific clusters and are discussed in detail next. CCSD(T)
calculations were performed in Molpro 2021.1.66.67.68

The total atomization energies (TAEs, or £Dy) for M,Os, MO,%*, MO3%-, MO,(OH), and
MFs (M = V, Nb, Ta) were calculated relative to the ground state atoms following the FPD
composite approach as given in equation (1).

2 Dp=AEcps+ AEgcp + AEso + AEzpe ey
AEcgs is the TAE calculated at the double, triple and quadruple { basis set level and extrapolated
to the complete basis set (CBS) limit by means of a 3-point extrapolation as defined by equation
(2),5

E, = Ecps + 4 exp[-(n-1)] + B exp [-(n-1)’] 2)
where n represents the level of the basis set.

For M =V, CBS calculations were performed using the third-order Douglas-Kroll-Hess
(DKH3) Hamiltonian”®7!.7> with the relativistic aug-cc-pwCVnZ-DK (n=D,T,Q)”>’* basis sets
including weighted core-valence correlation functions.” Correlation of the outer core electrons
was included in the calculations and the 1s2s2p orbitals of V were frozen. Additional calculations
were performed for VF5 with the aug-cc-pwCVnZ basis sets for F and a weighted core ECP for V.
For M = Nb and Ta, CBS calculations were performed using the aug-cc-pwCVnZ basis sets for O
and F, and the aug-cc-pwCVnZ-PP basis sets for Nb and Ta for n = D, T, Q. For molecules
containing H, the aug-cc-pVnZ basis set was used.*® The remaining terms in equation (1) are
additive corrections to the CBS TAE.

The AEgcp term, the correction for use of an effective core potential, was calculated as the
difference in TAE between calculations with valence basis sets and scalar relativistic calculations

with the DKH3 Hamiltonian at the triple { level. For molecules containing Nb, the cc-pwCVTZ-
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PP basis sets was used for Nb and the aug-cc-pwCVTZ basis for O or F. The DKH3 Hamiltonian
calculations used the aug-cc-pwCVTZ-DK basis sets, and the O 1s or F 1s was correlated in the
calculations. For Ta molecules, the aug-cc-pwCVTZ basis set for O with O 1s correlated and cc-
pwCVTZ-PP basis set for Ta were used. The DKH3 Hamiltonian calculations were performed
using the aug-cc-pwCVTZ-DK basis set for O where the O 1s was correlated and the cc-pwCVTZ-
DK with additional high angular momentum functions to correlate the Ta 4f orbitals32. Scalar
relativistic corrections are implicitly included in the CBS calculations with V.

AEgo are the atomic spin orbit corrections. Spin orbit corrections for the atoms were
obtained by state averaging of the experimental values:’%"778 AEso (V) =-0.91, AEso (Nb) =-1.81,
AEso (Ta)=-10.2, AEso (0) =-0.22, and AEo (F) =-0.39 kcal/mol. Molecular spin orbit coupling
effects were not calculated as they were assumed to be negligible for the closed shell species
studied in the present work. The AEpg term is the molecular zero-point energy vibration calculated
at the DFT/B3LYP level.

As it is difficult to calculate the energy of the ground state of the Pa atom, the atomization
energy was calculated relative to the Pa* ground state (7s>5f?) and corrected to the ground state of
Pa (7s*5126d') by the experimental ionization energy of Pa 135.8 + 2.8 kcal/mol.” The calculations
for the Pa compounds were performed at the CCSD(T)/cc-pwCVnZ-DK (n = D, T, Q) level of
theory with the DKH3 Hamiltonian. The 5s5p5d6s6p7s5f6d electrons were correlated. Additional
calculations for PaFs were performed with cc-pwCVnZ-pp for Pa.’3>* The atomic spin-orbit
corrections (AEsp) are AEgo (O) = -0.22 and AE, (Pa®) = -13.9 kcal/mol.”® Molecular spin orbit
corrections for the open shell species are AEgo (PaO3) = -0.6 kcal/mol and AEgy (PaO,) = -1.5
kcal/mol. The spin-orbit corrections for Pa*, PaO,, and PaO; were obtained at the SO-CASPT2/DK

level30-81:82.83 with the cc-pVQZ-DK basis set for Pa* and cc-pVDZ-DK basis set for PaO,, and
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PaOj;. These spin-orbit calculations were done following the state interacting approach we have
previously used.3485-86

Heats of formation at 0 K were calculated by combining the computed D, values with the
experimentally known enthalpies of formation at 0 K for the elements. The values for AH; ok (O)
=59.00, AHgox (H) = 51.63, and AH; ok (F) = 18.47 kcal/mol are from the active thermochemical
tables (ATcT).87:888 The values for the transition metals are AHgox (V) = 122.4 + 1.9, AHrox (Nb)
=174.4 £ 1.9, and AH; o (Ta) = 186.8 + 0.5 kcal/mol from the JANAF Tables.”® The heats of
formation of the transition metals are consistent with the values from Yungman et al.”! of AH ok
(V)=122.2+1.0, AHgox (Nb) =172.0 + 1.0, and AH; ok (Ta) = 187.8 = 1.0. The value for AH; ok
(Pa) = 136.2 + 2.4 kcal/mol is from Konings et al.”? where we use the thermal correction from 298
to 0 K from Yungman et al.”! This more recent value differs from the older values of AHyox (Pa)
= 145 + 5 kcal/mol from Yungman et al.°! and the value of 145.1 kcal/mol from Wagman et al.?3
Heats of formation at 298 K were calculated using molecular thermal corrections obtained from
the DFT calculations, thermal corrections for the atoms (H=1.01,* O =1.04,* F = 1.05,4 V =
1.110,° Nb = 1.255 £ 0.05,°! Ta = 1.3617 + 0.05,°! and Pa = 1.54 + 0.10°! kcal/mol) and the
calculated heats of formation at 0 K following the procedures of Curtiss et al.’* Total atomization
energies and the corresponding heat of formation were calculated for the M,Os mono-bridge
isomers as these have the simplest electronic structure. The thermochemistry values for the di- and
tri-bridge isomers were calculated based on their energies relative to the mono-bridge isomer.
Results and Discussion
MO, and MO; Geometries Before discussing the geometries of the M,0Os, we discuss the
geometries of the corresponding neutral and ionic MO, and MOj; fragments. MO, and MO," were

optimized at the DFT/B3LYP level and the geometry parameters are shown in Figure 1. The formal
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oxidation state for M in MO, and MO,* fragments is +IV and +V, respectively. For M = V, Nb,
and Ta, the MO, and MO,* species are bent with shorter bonds and smaller ZO-M-O predicted
for the cations. The DFT geometries of PaO, and PaO,(OH) has been previously reported.” At
their ground states, PaO, and PaO," were both predicted to be linear, with a slightly shorter Pa-O
bond in the cation. The major difference in the structures of the group 5 MO,”* (M =V, Nb, Ta)
and the actinide PaO,%" can be attributed to the presence of the f orbital and the stability of the
actinyl moiety. Similar differences were predicted for the group 6 MO, and MO," (M = Mo, W)
and U metal oxide species, where the transition metal MO, and MO," (M = Mo, W) were predicted

to have a bent C,, structure, whereas UO, and UO," were both predicted to be linear.%¢

1.727/1.697

116°/106° 106°/104° 106°/104°
VO,/ VO,*, Cy, NbO,/ NbO,*, C,, Ta0,/ TaO,*, C,,
1.816/1.778

=9

PaO,/ PaO,*, D.,,

Figure 1. Optimized geometries for MO, and MO,", M =V, Nb, Ta, and Pa, species. O atoms in

red, V atoms in silver, Nb atoms in teal, Ta atoms in blue, and Pa atoms in gold.

The optimized geometries for MO; and MO;™ at the DFT/B3LYP level are shown in Figure

2, with M in the formal +V oxidation state. The MOj radicals for M = V, Nb, and Ta are pyramidal
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in Cg symmetry, with one long M-O bond and two equivalent short M-O bonds. The addition of
an electron to form the closed shell MO;™ for M =V is planar with D3, symmetry and for M = Nb,
Ta, and Pa is pyramidal with Cs, symmetry. The planar D3, MO; for M = Nb and Ta have
respective imaginary frequencies of 70/ cm™' and 112/ cm’' at the DFT/B3LYP level, with

respective inversion barriers of 0.21 and 1.77 kcal/mol at the CCCDS(T)/cc-pVTZ-DK level.

1. 801“ 1.803 1.941
4118° V/ 113° 'ZT

NbO.’, Cs, TaO,, C,, PaO,, C,,
£Z110° A 109°
1.738 1.994
1.891 1 851
105°
A 158°
NbO;, C TaO,;, C PaO;, C,,

Figure 2. Optimized geometries for MO; and MO3~, M =V, Nb, Ta, and Pa, species. O atoms in

red, V atoms in silver, Nb atoms in teal, Ta atoms in blue, and Pa atoms in gold.

The structure of PaO; is derived from PaO,, where the addition of an equatorial O bends
the actinyl-like moiety by 22° and slightly lengthens the bond of the axial groups, giving a planar
C,y structure. The planar D3, structure of PaOs- is a transition state with an imaginary frequency
of 94i cm! at the DFT/B3LYP level and an inversion barrier of 3.0 kcal/mol at the CCCDS(T)/cc-
pVTZ-DK level. The planar C,, structure for PaO;-, with one short M-O bond and two slightly

longer M-O bonds, is also a transition state with a similar imaginary frequency of 92i cm-! at the
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DFT/B3LYP level. Optimized geometries for MO,(OH) and MF5 are discussed in the Supporting
Information for reactions discussed below.

M,05 Geometries Three stable isomers were predicted for the M,O5 molecules, the mono-, di-,
and tri-bridge O structures, with the relative isomer energies in Table 1 and structures for V,0s5

and Nb,Os in Figure 3 and for Ta,Os and Pa,0s in Figure 4. For M =V, as previously reported,?’-?8

Table 1. Relative Isomer Enthalpies at 298 K (AH, kcal/mol) at the CCSD(T)/CBS Level.

M, 05 Isomer Symmetry | AHogx
V505 di-bridge C, 0.0
tri-bridge C 6.9
mono-bridge | C, 22.4
Nb,Os | di-bridge Cs 0.0
tri-bridge D3, 2.7
mono-bridge | C, 23.9
Ta,Os | tri-bridge D3, 0.0
di-bridge Cs 6.7
mono-bridge | C, 36.3
Pa,05 tri-bridge G 0.0
di-bridge Cs 12.7
mono-bridge | Dpqg 34.2

the lowest energy isomer was predicted to be the di-bridge followed by the tri-bridge and then the
mono-bridge. The ground state di-bridge isomer is best described as an ionic complex of MO5™ and
MO," (Figure 3). The MO; moiety is connected to the MO,* fragment by bonds that are 0.3 A
longer than the M-O bonds in the anion fragment. The two V=0 bond distances in the MO,*
fragment are comparable to the V=0 bond distance in the MOj3 fragment. The tri-bridge isomer is
a distorted di-bridge, where the MOs~ and MO, " fragments are rotated/tilted inward, toward the
bridge. The mono-bridge isomer with C, symmetry is best described as two MO, " fragments linked

together by an O>. The ZV-Oy-V is bent by < 20° from linearity. Mass spectrometry studies on

10
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the composition of group 5 M,Os ionic clusters shows that fragmentation leads to such MO, and

MO; fragments,®’*8 consistent with the above analysis and for the analysis described below.

% 1.798
1.591

1.590
v205’ CZ
1.835__2.137 1.731\ 1.946
1.731
Nb,O;, C, Nb,O;, D, Nb,O;, C,

Figure 3. DFT optimized structures for V,05 and Nb,Os isomers. O atoms in red, V atoms in silver

and Nb atoms in teal.

1.980

1.751 1.741'\\ 1.929

1.740

1.740 1.747

Ta,0;, C, Ta,0;, C,

i’1.854 ﬁs‘“‘
1.991a 2.361

‘ 2.144
1846 1.846 f”

Pa,0;, C, Pa,05, D,

Figure 4. DFT optimized structures for Ta,Os and Pa,05 isomers. O atoms in red, Ta atoms in

blue, and Pa atoms in gold.
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Similarly, for M = Nb, the lowest energy isomer was predicted to be the di-bridge with the
tri-bridge isomer less than 3 kcal/mol higher in energy; the mono-bridge isomer is again the least
stable isomer. As described above for the V,05 di-bridge isomer, the Nb,Os di-bridge isomer is
best described as an ionic complex of NbO3~ and NbO," (Figure 3). The bond distances in the di-
bridge isomer follow the same pattern as for the V,05 di-bridge isomer. The tri-bridge isomer has
D3, symmetry and the Nb-Oy, bond distances are the average of the two unique Nb-O distances in
the di-bridge isomer. Similar to the V mono-bridge isomer, the Nb mono-bridge isomer has two
NbO,* fragments connected by a bridging O?. The Nb=0 bond distances in the mono-bridge
isomer are essentially the same as the Nb=0 bonds in the other two isomers. Thus, the Nb=0 and
Nb-O bond distances do not substantially vary in the three isomers.

In contrast to the Nb and V oxide dimers, for M = Ta the lowest energy isomer is predicted
to be the tri-bridge isomer. The di-bridge isomer is the next highest in energy and the mono-bridge
isomer is again the least stable. The geometry of the tri-bridge Ta,O5 isomer is essentially identical
to the tri-bridge Nb,Os isomer. Again, the di-bridge isomer can be described as the binding of
TaO;™ and TaO," and is almost identical to that of the corresponding Nb,Os isomer. The bonds
connecting the two fragments are slightly shorter in the Ta isomer as compared to the Nb isomer.
The highest energy mono-bridge isomer is essentially the same as the Nb isomer, with two TaO,"
fragments connected by an O* and an £ Ta-O,-Ta of 163°.

The lowest energy isomer of Pa,Os was predicted to be the tri-bridge. The di-bridge isomer
is the next highest in energy and the mono-bridge isomer is again the highest in energy. The tri-
bridge isomer has lower symmetry than found for Nb and Ta and the Pa=O bonds are no longer

on the same axis. The Pa,Os tri-bridge isomer can be described as connecting two PaO," fragments

12
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with an O>. However, one of the Pa-O bonds in the PaO," actinyl fragment becomes elongated on
bonding to the other Pa. The ZO-Pa-Ormy in the PaO,* fragments deviate from linearity by <
10°. This type of bonding can be described as a side-on cation-cation interaction moderated by the
additional O? bridging oxygen.?®-1% This type of cation-cation interaction has been observed for
NpO,*- NpO,*.19 This structure is not predicted for the transition metal species due to the fact that
the MO," fragment for the transition metals is bent and does not have actinyl type character. The
di-bridge isomer is a complex of PaO5;- and PaO," molecules, consistent with the group 5 dimers.
The PaO," fragment maintains its actinyl character and the ZO,=Pa=O, deviates by < 20°
from linearity. The mono-bridge isomer can be described as two PaO," molecules bridged by an
O?-. The PaO," groups are clearly actinyl-like with an £ Oy =Pa=O;y deviating from linearity
by < 20° and the two groups perpendicular to each other. In this case the /Pa-O-Pa is linear.

Heats of Formation: Fragments As the heats of formation of the M,0Os are not available from
experiment, we first discuss the heats of formation of the MO, and MOj; species where some
experimental and additional computational data is available. The TAEs and gas-phase heats of
formation for the bare ionic fragments and the corresponding neutrals as well as for MO,(OH)
species have been calculated using the FPD approach (Table 2). The calculated heats of formation
with a single V or Nb atom have an estimated error of + 3 kcal/mol as the atomic heat of formation
introduces an error of £+ 2 kcal/mol. For a single Ta, the error bar is on the order of + 2 kcal/mol as
the error for the atomic heat of formation is smaller. For the compounds with a single Pa, the error
is on the order of + 4 kcal/mol due to the error bars on the heat of formation of the Pa atom of +
2.4 kcal/mol. We estimate that the errors in the calculated heats of formation for the compounds

with two V or two Nb to be on the order of &+ 5 kcal/mol and with two Ta atoms to be &+ 3 kcal/mol.

13
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The error bars for the calculated heats of formation of the compounds with two Pa atoms are on
the order of at least + 6 kcal/mol.
Table 2. Total Atomization Energies and Heats of Formation at 0 K and 298K at the CBS Level

in kcal/mol for MO,, MO,", MO3, MO;" and MO,(OH) for M =V, Nb, Ta, and Pa.

Species XD%x AH ok | AH ty08x | AH 1398k e;i)l’t
VO, 268 | 465 | 469 | 2o0n !’
VO, 853 | 1551 | 1545
VO, 383.0 | 836 | -833
VO 4738 | 1744 | -1742
VO,(OH) | 490.1 | -139.1 | -1385
NbO, 3372 | 448 | 455 | 478457
NbO," 1507 | 1418 | 1411
NbO; 4312 | 798 | 806
NbOy 5240 | -172.6 | -173.4
NbO,(OH) | 546.6 | -143.6 | -145.1

480 157
Ta0, 424 | Gesn | Goayp | 41115

' | 46244515

TaOy' 1406 | 1641 | 1633
Ta0; 4317 | 680 | -688
TaOy 5344 | -170.6 | 1717
TaO,(OH) | 5550 | -139.6 | -141.3
Pa0," 4000 | -1458 | 1448 | 27400
Pa0," 3902 | 01 | 07 |13.6%141%
PaO;* 4869 | -173.7 | -1744
Pa0; ¢ 573.5 | 2603 | -261.2
PaO,(OH) | 6099 | -245.1 | -246.

aValues in parentheses at the CBS Q5 limit. >¢ Atomization energy calculated as "PaO, — Pa* +
20, ‘PaO3; — Pa* + 30, PPa0O;- — Pa' + 30, °Pa0,(OH) — Pa’ + 30 + H, and corrected by

IE(Pa).

Our calculated heat of formation for VO, is ~ 9 kcal/mol less negative than the
experimental® value, but within the + 10 kcal/mol experimental error, especially considering the

estimated computational error of at least = 3 kcal/mol. Our calculated value for NbO, is again less

14
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negative than the experimental value and falls within the experimental® error bar of + 5 kcal/mol
and the computational error bar of + 3 kcal/mol. With a known crystalline heat of formation, for
AH(NbO,) =-190.0 & 2°° kcal/mol, the corresponding cohesive energy is 144.5 kcal/mol. Although
these materials are not molecular solids, we define the cohesive energy as the energy to make a
gaseous molecule with the same stoichiometry as that of the solid as this provides a base to
compare different systems.!0!

Previously, Bauschlicher et al. 192 calculated the heats of formation of various tantalum
oxide and tantalum oxyhydroxide species at the CCSD(T)/CBS Q5 level of theory with aug-cc-
pVnZ basis set for O and cc-pwCVnZ-pp basis set for Ta (n=T, Q, and 5). For TaO,, Bauschlicher
et al. used the energy of reaction (3):

Ta + O, — Ta0, )

The value reported by Bauschlicher et al.'%? included a ZPE and spin-orbit correction, but no
pseudopotential correction. A comparison of their 0 K heats of formations values and our values
at selected CBS limits are presented in Table 3. Additional comparisons at different CBS limits
with calculated AEgcp corrections are presented in the Supporting Information.

In order to better compare to the work of Bauschlicher et al., we also calculated the heat of
formation using a CBS Q5 extrapolation of the form given by equation (4).103.104

E,=Ecps + A(n +1/2)* 4)

The agreement between the two extrapolated values is within 1 kcal/mol. For reaction (3) with the
HF orbitals, we are within 0.6 kcal/mol of their value. The AEgcp for reaction (3) is 3.0 kcal/mol
which would reduce the Bauschlicher et al. value to AH;ox = -37.3 kcal/mol. Our corresponding
AH; ok derived from the atomization energy with AEgcp included is 1.4 kcal/mol less negative

using the HF orbitals and the Q5 extrapolation. The value for AH¢ ok using the PWO91 orbitals and
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the Q5 extrapolation with the AEgcp correction is 1.2 kcal/mol more negative and with the DTQ
extrapolation is 0.3 kcal/mol more negative as compared to the prior work. Our values are all
consistent with the ECP corrected results from Bauschlicher et al.!%> The calculated values for AH
£20sx (Ta0,) falls within the large experimental error bars.”®3 Smoes et al.!% reported a TaO, heat
of formation with smaller error bars that is ~ 8 kcal/mol more negative than our calculated value

and is not likely to be correct.

Table 3. Enthalpies (AH k) for Reactions (3), (5) and (6) in kcal/mol for Determination of the

Heats of Formation of TaO, and TaO,(OH).

Method | HF | PW91
T302

Ta + 20 — TaO, DTQ + ECP -35.1 -37.6
Ta + 20 — TaO, Q5 + ECP -35.9 -38.5
Ta + O, — TaO, Q5 -39.7 -42.3
Ta + 0, — TaO, Q5 + ECP -36.7 -39.3
Ta + 0, — Ta0,? Q5 -40.3
Ta + 0, — Ta0,° Q5 + ECP -37.3

TaO,(OH)
Ta + 30 + H — TaO,(OH) DTQ + ECP -139.9 -139.6
Ta + 30 + H —Ta0,(OH) Q5 + ECP -140.5 -140.2
Ta+0O,+H,0 > TaO,(OH)+H [ Q5 -145.1 -144.7
Ta+ 0, +H,0 > TaO,(OH)+H | Q5+ ECP -141.5 -141.1
Ta + 3H,0 — TaO,(OH) + 5H Q5 -144.6 -144.2
Ta + 3H,0 — TaO,(OH) + 5H Q5 + ECP -141.4 -140.9
Ta + O, + H,0 — TaO,(OH) + H® | Q5 -146.0
Ta + O, + H,0 — TaO,(OH) + H? | Q5 + ECP -142.4
Ta + 3H,0 — TaO,(OH) + 5H # Q5 -145.1
Ta + 3H,0 — TaO,(OH) + 5H ® Q5 + ECP -141.8

aRef. 102. ® Value from Ref. 102 corrected by current AEcp.

A similar comparison can be made for TaO,(OH) with the work of Bauschlicher et al.!0?
who used reactions (5) and (6)
Ta+ O, + H;O — TaO,(OH) + H (5)

16
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Ta + 3H,0 — TaO,(OH) + 5SH (6)

The AEgcp corrections for reactions (5) and (6) are 3.6 kcal/mol and 3.3 kcal/mol, respectively.
Our final value for AHok based on the atomization energies and the PWO91 orbitals is about 2
kcal/mol less negative than the corrected values using reactions (5) and (6) from Bauschlicher et
al.!1 Again, the DTQ extrapolation gives a heat of formation that is about 0.6 kcal/mol less
negative than the Q5 extrapolation (Supporting Information). Overall, the heats of formation
calculated with the PW91 orbitals are closer to experiment than those calculated with the HF
orbitals (SI) for the transition metal MO, species.

The calculated gas-phase heat of formation of PaO, with an error bar of + 4 kcal/mol
overlaps the experimental range of Margalo and Gibson!% values with an error bar of + 18
kcal/mol. Our value is not consistent with the value from Kleinschmidt and Ward!?” who reported
a value of -122.7 + 4.0 kcal/mol. The latter value!?” was obtained by assuming that the heat of
sublimation of PaO, is due only to the loss of molecular PaO, from the solid, but they do observe
PaO in the vapor as well, suggesting a complex system, as there is also the potential for loss of O,.
We suggest that the experimental heat of formation of PaO, needs to be revisited. Our heat of
formation for PaO," with an error bar of =+ 4 kcal/mol is consistent with that of Marcalo and Gibson
within the + 14 kcal/mol error bar.!%

The adiabatic ionization energies and electron affinities of some of the MO, and MO;
species are also available from experiment. Calculated ionization energies (IEs) of the MO, species
obtained from the difference in 0 K heats of formation between the optimized neutral and
optimized cation structures are shown in Table 4 and compared to the available experimental data.
The calculated VO, IE is approximately 4 eV lower than the experimental value of Bennet et al.!08

and 1.2 eV lower than the experimental value of Farber et al'?°. The calculated IE(Pa0O,) is larger
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than the experimental value of 5.9 ¢V!% by 0.4 eV and is outside the range of the experimental

error bar of £ 0.2 eV. Among the MO, species in this study, Pa has the lowest IE, followed by Nb,

V, and Ta.

Table 4. Ionization Energy (IE) of MO, at the FPD Level in eV.

MO, Calc Experiment
12.7+£0.2108

VO: 8.74 10.0 £ 0.2'%

NbO, 8.09

TaO, 8.75

PaO, 6.32 5.9 +0.21%

The adiabatic electron affinity (AEA) of the MOj; species obtained from the difference in

the 0 K heats of formation between the optimized neutral and anion structures are shown in Table

5. The MOj species have fairly large AEAs, indicating the high stability of the closed shell anions

against electron loss. TaO; has the largest AEA followed by NbO3; which has an AEA thatis ~ 0.4

eV smaller. The VO3 and NbO; AEA values are within 0.1 eV of each other and the PaO; has the

lowest AEA.

Table 5. Adiabatic Electron Affinity (AEA) of MO; and Vertical Detachment Energy (VDE) of

MO; at the FPD Level in eV.

MO; AEA VDE
VO, 3.94 4.21
NbO; 4.02 4.54
TaO; 4.45 4.59
PaO; 3.76

Wu and Wang!'? reported a vertical detachment energy (VDE) of 4.36 ¢V for VO; from a

photoelectron spectroscopy study and assigned the VDE to be the AEA. They concluded that the
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anion and neutral should have a similar C,, geometry. However, we predict that VOs" is planar
with D3, symmetry and neutral VOs; is nonplanar with Cg symmetry. Thus, the VDE and AEA are
not likely to be the same. As the experimental band is broad, we calculated the VDE which
corresponds to the transition from the ground state of VO; to neutral VO; with the same anion
geometry at the CCSD(T)/CBS level. The calculated VDE for VO3~ is 0.27 eV higher than the
AEA and is in reasonable agreement, 0.15 eV lower than the experimental value.!'° This difference
is not surprising as there is likely to be some multi-reference character in the distorted VOj5 species
at the anion geometry.

There is a larger predicted difference in the VDE and AEA for NbOs, ~ 0.5 eV but for
TaO;, the difference in the AEA and VDE is smaller, < 0.15 eV. This difference is somewhat
surprising given that NbO3- and TaOj3- are both non-planar with Cs, symmetry. We were unable to
calculate a VDE for PaO3- due to convergence issues.
Heats of Formation: Metal Fluorides As a further benchmark of our computational approach,
the heats of formation of the metal fluorides were calculated at the FPD level as they can be
compared to experiment.92:23:91-1'! The gas phase heats of formation at 298 K for the MFs were
computed following the FPD composite approach described above and are given in Table 6. The
calculated metal fluorides heats of formation are in general good agreement with the experimental
values. The heat of formation of VF5 is within 1 kcal/mol of the experimental value. The values
calculated using the DKH3 Hamiltonian and the appropriate basis sets and ECP basis sets are
essentially identical. The heat of formation of NbFs is predicted to be about 7 kcal/mol less
negative than the experimental value. The value for TaFs is about 5 kcal/mol less negative than

the experimentally obtained value. This suggests that the experimental values may need to be
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revised. The calculated value for PaFs overlaps experimental value given the range of the
computational (+ 4 kcal/mol) and experimental error (+ 12 kcal/mol) bars.

Table 6. Calculated Heats of Formation at 298K at the FPD Level for MF5 in kcal/mol.

Species ZDOQK AHf‘OK Aquzgs]( Aquzgs]( expt
VF;? 5574 | -342.6 | -344.1 |-342.7¢
VF;b 557.5 | -342.8 | -344.3 |-343.25+0.204

-415.8¢
NbFs | 675.1 | -408.3 | -409.7 -416.50 £0.34°¢

TaF5 710.1 | -431.0 | -432.3 | -437+3¢
PaFsf | 750.0 | -521.5 | -522.4 |-509+12¢
a DKH3 Hamiltonian and associated basis sets. ® ECP basis sets used. ¢ Ref. 90; ¢ Ref. 111; ¢ Ref.

91; f FPD heat of formation calculated as PaFs — Pa* + 5F + ¢~ and corrected by IE(Pa); ¢ Ref. 92.

Heats of Formation: M,05 The total atomization energies (TAE/ZD,) and gas-phase heats of

formation for the M;0s5 isomers have been calculated using the FPD approach and are listed in

Table 7. For the transition metals (V, Nb, Ta), the predicted values were calculated for each isomer

Table 7. M,Os5 Total Atomization Energies and Heats of Formation at the FPD level at 0 K and

298K in kcal/mol.
Dimer | Isomer? XD%k AH ok AH 293K
V,05 | di-bridge 790.8 -251.1 -248.2
tri-bridge 783.9 -244.2 -241.3
mono-bridge 768.4 -228.7 -225.8
Nb,Os | di-bridge 906.0 -262.5 -264.9
tri-bridge 903.7 -259.8 -261.2
mono-bridge 882.5 -238.6 -240.0
Ta,Os | tri-bridge 935.4 -266.9 -268.5
di-bridge 928.7 -260.2 -261.8
mono-bridge 899.1 -230.6 -232.2
Pa,Os | tri-bridge 1043.5 -476.1 -477.2
di-bridge 1030.8 -463.4 -464.5
mono-bridge® | 1009.2 -441.8 -442.9
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a Atomization energy obtained by relative energies from the mono-bridge isomer. ® FPD

atomization energy calculated for this isomer as Pa,0Os — 2Pa* + 50 and corrected by the IE(Pa).

using the FPD method with respect to the atomic asymptotes of the metals. For Pa,Os, the
atomization reaction to yield Pa* was used with Pa® in the 5f27s? configuration instead of the
neutral Pa with 5f26d!7s?> configuration which has many low-lying excited states.”® The
experimental IE” for Pa is 135.8 kcal/mol and is in good agreement with the calculated IE of 136.4
kcal/mol by Peterson and co-workers!'?. For the M,Os isomers, the mono-bridge isomer was
calculated at the full FPD level with the atomization energies of the other two isomers obtained
from the relative energies in Table 1.
Additional Thermodynamic Quantities The cohesive energies for the M,0s oxides can be
calculated from the known experimental values® for the crystalline material: AH(V,05) = -370.6
+ 1.5 kcal/mol; AH(Nb,Os) = -454.0 =+ 1.0 kcal/mol; and AH(Ta,0s) = -489.0 & 1.0 kcal/mol. The
corresponding cohesive energies are 122.4, 189.8, and 219.6 kcal/mol, respectively.

The energetics of the dimerization of two MO,(OH) to form M,0s and H,O, Reaction (7)

2MO,(OH) — M,0s + H,O (7)
was also examined and the enthalpy of reaction for M =V, Nb, Ta and Pa, are shown in Table 8.
The heats of formation at 298 K of the MO,(OH) molecules and lowest energy isomer calculated
in this work (Tables 2 and 7) and the literature AHs 93k (H,0O) =-57.8 kcal/mol were used to predict
the reaction energy. The dimerization of TaO,(OH) was predicted to be the most exothermic,
followed by Pa, less exothermic by 3 kcal/mol. The dimerization of MO,(OH), M= V and Nb to
form their lowest energy di-bridge structure were less exothermic by 16 and 13 kcal/mol,

respectively.
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M Rxn 7 Rxn 8 Rxn 8
kcal/mol kcal/mol eV
\% -29.0 228.5 9.91
Nb -31.8 231.6 10.04
Ta -44.6 253.8 11.01
Pa -41.8 202.6 8.79

a AHf’zggK(HQO) = -57.8 kcal/mol. Ref. 87, 88, 89.

The energetics of the ionic dissociation of the di-bridge M,0s isomer into the MO," and
MO;- fragments, Reaction (8) was also examined and presented in Table 8. The dissociation

M,05 — MO," + MOs’ ®)
energy of the di-bridge isomer is roughly the same for V, Nb, Ta. The Pa,Os isomer is the least
endothermic by at most 50 kcal/mol (2 eV).

The calculated bond dissociation energies (BDEs) for the single bond M-O and double
bond M=0 are reported in Table 9 with experimental comparisons provided where available. The
BDEs for the M=O, where calculated as half the total atomization energy of the metal dioxide,
MO, molecule with two double bonded O, equation (9).

BDE (M=0) = D%k (MO,)/2 9)

As we proceed down group 5, the BDEs increase, with Nb and Ta having similar BDEs. There is
an almost 40 kcal/mol increase from the V=0 to the Pa=O BDE. The BDE for PaO, falls within
the experimental error bar of Margalo and Gibson,!% but is about 6 kcal/mol outside the value
obtained by Kleinschmidt and Ward.!?7 The higher BDE associated with Pa, is indicative of the

stability of the actinyl bond in the linear PaO, molecule. The average M-O BDE was calculated as
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half the difference of the TAE of the mono-bridge isomer and twice the TAE of the MO,, equation
(10).

BDE (M-0) = (ZD%k(M,05) — 2xED%x(MO,))/2 (10)
The BDE for M-O for the dimers are at most 10 kcal/mol apart. The Nb and Pa have nearly

identical M-O BDEs slightly higher than V by 7 kcal/mol and lower than Ta by 3 kcal/mol.

Table 9. Average M=0O BDEs and M—O BDE:s in kcal/mol at the FPD Level.

v | BDE(M=0) | BDE (M=0) BDE(M-0)
Eq. (9) lit. Eq. (10)
v 143 97
Nb 169 104
Ta 171 107
Pa 191 12106
200 188.4 + 4.1107 105

Electronic Structure Analysis The Natural Population Analysis (NPA) based on the Natural
Bond Orbitals (NBOs)!!13:114 ysing NBO7!15-116 for the metal oxides was calculated using Molpro
2021.1 (Supporting Information). The bonding in M;05 isomers shows substantial ionic character
with electron donation from the O atoms to the M.

For the transition metals, the least ionicity is predicted for V,0s. The V,0s5 structures have
a charge of approximately +2 on the metal, less than -1.0 on the terminal O and approximately -
1.0 on the bridging O. There is substantial electron donation from the O atoms into the 3d orbitals
on the V. For the fragments, there is about a charge of +2.0 on the V in VO3~ and VO," with charges
on the O of -0.5 in the latter and -1.0 in the former. For the Nb,Os isomers, the bonding is more
ionic with a +2.5 to 2.7 charge on the Nb so that there is less electron donation from the O atoms
into the 4d as compared to V,05 with electron donation into the 3d. In Ta,O5 the bonding is even

more ionic with Ta charges of approximately +2.7 to 2.9 with even less electron donation into the
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5d. Note that the electron donation in all 3 transition metals is into the nd orbitals with (n+1)s
orbital occupancies less than 0.2 e.

For Pa,0s, the charges are similar to those for Ta,Os with about a charge of +2.7 on the Pa
even though the Pa isomers have actinyl character. There is a noticeable difference for the di-
bridge where the two Pa charges differ by about 0.37 e in contrast to the almost equal charges for
the two Ta atoms in the di-bridge structure. This arises because of the actinyl type PaO," group in
the di-bridge structure. The electron donation from the O ligands to Pa in the Pa,Os is completely
different from that in the transition metal M,O5 with about one electron in the 5f and one electron
in the 6d. In the mono- and tri-bridge isomers, the electron donation from the O ligands to the 5f
and 6d orbitals is about equal. The Pa,O5 di-bridge structure shows an uneven electron donation
from the O ligands into the 5f and 6d character on the Pa atoms with populations of 5f%-8%6d'27 and
5f1166d!-23, This is not surprising given the importance of the actinyl PaO," moiety in these
structures.
Conclusions

The molecular geometries of select metal oxide species, MO;, MO,*, MO;, MO,,
MO,(OH) and M,0s for M =V, Nb, Ta, Pa were predicted at the DFT/B3LYP level of theory. The
MO," and MO,, M =V, Nb, Ta, have C,, symmetry, but PaO, and PaO,* have D, symmetry. For
the MO;, M =V, Nb, Ta, have C; symmetry and PaO; has C,, symmetry. The MOj3" species for M
= Nb, Ta, Pa have Cs, symmetry, and VO3 has D3, symmetry. Mono-, di-, and tri-bridge isomers
were optimized for M,Os. Single point energies at the CCSD(T) level predicted for M =V and Nb
that the lowest energy isomer was the di-bridge and for M = Ta and Pa that the lowest energy
isomer was the tri-bridge. The composition of the di-bridge isomers was predicted to be a

combination of MO5-and MO, " fragments. Similarly, the mono-bridge and tri-bridge isomers were
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predicted to be composed of two MO," fragments linked with an O%. The NBO analysis showed
that the ionicity in the bonding of the M,05 molecules increases and electron donation from the O
atoms to the M decreases going down the group 5 metals. The Pa,Os mono- and tri-bridge isomers
are similar to the Ta dimers, but there are noticeable differences in the di-bridge isomers with
unequal Pa charges. The charge analysis comparison of the dimers to their MO," and MOj3"
fragments supports the ionic nature of the dimers.

The FPD method was used to calculate the TAEs and heats of formation of MO,, MO,*,
MO;3;, MO5", MO,(OH), and M,0s5 as well as MFs. The predicted heats of formation of the MO,
species are in better agreement with experiment when using the PW91 orbitals as compared to the
HF orbitals (see SI). The calculated IE of the transition metal oxides range from 8.0 — 8.8 eV and
PaO, has the lowest IE of 6.25 eV. The calculated AEA ranges from 3.7 to 4.5 eV for the MO;
species. The VDE ranges from 4.2 to 4.6 eV for the V, Nb, and Ta MOj; species. The formation of
M,;0;5 from two MO,(OH) with loss of H,O was predicted to be the most exothermic, -45 kcal/mol,
for M = Ta and the least exothermic, -29 kcal/mol, for M = V. The ionic dissociation energy of the
di-bridge isomers into MO;- and MO,", for M =V, Nb, and Ta, ranges from 10 to 11 eV and for
Pais 8.85¢V.

The energetics of the MO, species were used to estimate the M=O bond dissociation
energies (BDEs) at the FPD level. The M=O BDEs increase as down the group. The Nb=0O and
Ta=0 BDEs are similar, ~ 170 kcal/mol. The difference in the M=0O BDE between V and Nb is ~
25 kcal/mol and between Ta and Pa is ~ 28 kcal/mol. The BDEs of the M-O bonds can be predicted
from the energetics of the mono-bridge M,0Os. The M-O BDEs were predicted to fall in a range of

about 10 kcal/mol about an average value of 100 to 105 kcal/mol.
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For the M,0s structures, the Pa,Os clearly exhibits actinyl character in the approximately
linear PaO,* fragments. The electron donation from the O ligands is approximately 1 electron each
into the 5f and 6d orbitals as compared to 2 electrons into the nd orbitals for the corresponding
transition metal molecules. Thus, the Pa in Pa,0Os is exhibiting substantial actinide character and
is clearly again in the transition region between actinide and transition metal character.
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