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Abstract The equilibrium structures, spectroscopic and ther-
modynamic parameters [entropy ('), internal energy (£), heat
capacity (Cp)] of U, U0, U,0, and U,04 uranium oxide
molecules were investigated systematically using density
functional theory (DFT). Our computations indicated that
the ground electronic state of U, is the septet state and the
equilibrium bond length is 2.194 A; the ground electronic

state of U,O and U,O, were found to be X 343 and X 3Zg
with stable C.., and D, linear structures, respectively. The

bridge-bonded structure with Dy, symmetry and X 5Blg state
is the most stable configuration for the U,04 molecule.
Mulliken population analyses show that U atoms always
lose electrons to become the donor and O atoms always
obtain electrons as the acceptor. Molecular orbital analyses
demonstrated that the frontier orbitals of the title molecules
were contributed mostly by 5f atomic orbitals of U atoms.
Vibrational frequencies analyses indicate that the maximum
absorption peaks stem from the stretching mode of U-O
bonds in U,0, U,0, and U,0,. In addition, thermodynamic
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data of U,O,, (n=0~4) molecules at elevated temperatures of
293.0 K to 393.0 K was predicted.
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Introduction

The physical and chemical properties of the actinide elements,
particularly those of uranium and plutonium, are quite impor-
tant in surface and corrosion science for rational handling of
nuclear materials [1, 2], and thus their oxides have received
considerable attention over many years [3—10]. U, has been
detected in the gas phase [11]. In the course of multipurpose
mass spectrometric studies on high temperature vaporization
of (EU203 +U02+WO3) and (EUPO4+U02) powder, U204 (@
species were identified, for the first time, as minor components
of the vapors by Guido et al. [12], who discussed a tentative
quantity for the already known U,0, (o).

The experimental techniques discussed above unquestion-
ably provide novel information on uranium oxides. However,
limitations remain in terms of detailed information such as the
structures, spectroscopic and thermodynamic properties of
these oxides. Quantum chemistry calculations are now
reaching a level of sophistication where they may provide
results for lanthanide and actinide compounds with reasonable
accuracy. These advantages offer the possibility that actinide
chemistry may soon be explored by computational methods,
thereby avoiding many hazardous and expensive experimen-
tal studies [4]. Nevertheless, the study of uranium molecules
still presents a challenge for both experimental and theoretical
researchers. The nearly degenerate 5f, 6d, 7s, and 7p orbitals
give rise to a multitude of possible configurations with large
numbers of electrons, open f and d shells, and strong relativ-
istic effects must be taken into account [7, 10]. The molecular
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structures of UOy) (n=1-3) have been studied in detail
through theoretical and experimental study [5-9], but more
complicated binding may occur when the oxides have more
than one U atom, and such behavior is common with nuclear
oxides. Studies exploring the stability of unusual uranium
oxide molecule structures in addition to the known UO,
(n=1-3) may be of importance in pressure-volume-
temperature data measurement at elevated temperatures.
Therefore, we extended our research to the case of U,O,
(n=0-2, 4) molecules. For the U, molecule, Pepper et al.
[13] used the complete active space self—consistent field
(CAS-SCF) method and single-reference CI (SRCI) calcula-
tions to describe the bonding in this system; they found that
U, had a 52+g ground state and an equilibrium bond distance
of 2.20 A. Wang et al. [14] carried out a systemic DFT study
for U,. The nonet ground state (gEg), long bond length of
3.89 A and short bond length 0f2.99 A for the U, dimer were
obtained from the latter report. Gagliardi et al. [15, 16]
employed the CAS-SCF method to study bond length, elec-
tronic structure and chemical bonding of the U, molecule.
Their calculations showed that the U, molecule has a quintu-
ple bond and the ground state is a septet state, corresponding
to an equilibrium bond distance of 2.43 A.

However, to our knowledge, experimental data on the
molecular structure of U,O,, (n=1-2, 4) are scarce, and there
are also no theoretical studies on the geometric or electronic
structure of U0, (n =1-2, 4). The main goal of present work
was to perform a detailed theoretical study of U,0O, U,O, and
U,0,4 molecules. We focused our attention on four aspects: (1)
to explore the ground state structure of U,0O, U,0, and U,Oy4
molecules; (2) to analyze the population properties and bond
order of U,, U,O, U0, and U,0, molecules; (3) to gain
infrared spectral data for U0, U,0, and U,04; and (4) to
calculate the thermodynamic parameters (S, £, C,,) of U0,
(n=0-4) gases. A “Computational methods” section is
followed by “Results and discussion”, including geometries
and electronic properties, population properties, bond orders,
spectrum analysis, and thermodynamic parameters. Some final
remarks are summarized in the “Conclusions” section.

Computational methods

The geometries, vibrational frequencies and thermodynamic
data of the title molecules were calculated using relativistic
density function theory (DFT) as implemented in ADF
2009.01 [17-26]. Lyon et al. [27] used ADF to study the
formation of unprecedented actinide=carbon triple bonds.
Zhang et al. [28] investigated the molecular structures and
vibrational frequencies for uranium hexahalides UXg (X=F,
Cl, Br and I) with the same software. Their results were in
good agreement with recent experimental data. Previously,
DFT has been applied with great success to determining the
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physical and chemical properties of uranium and plutonium
compounds [27, 29, 30]. We employed spin-polarized gener-
alized gradient approximation (GGA) with OPTX [31] ex-
change with PBE correlation (OPBE) [32] functional for the
exchange and correlation (XC) interaction, and TZP basis sets
(contains valence triple zeta and one polarization function)
[33]. The scalar relativistic (SR) zero order regular approxi-
mation (ZORA) [19, 34] was adopted to account for signifi-
cant relativistic effects. SCF calculations were performed with
a convergence criterion of 10~ Hartree on the total energy. We
carried out geometrical optimization with the convergence
criterion as follows: 10> Hartree for the total energy, 10~
Hartree/A for the gradient and 10 A for the bond length.
Spin—unrestricted calculations were then performed for all
possible spin multiplicities. Due to the importance of the 6s
and 6p orbitals for uranium bonding, they are included
explicitly in the variational space along with the 5f, 6d and
7s valence orbitals. Therefore, the [1s?] core for O and
[1s*5d"%] core for U were treated via frozen core approxima-
tion. To evaluate the accuracy of the current computational
scheme (OPBE/ZORA-SR), test calculations were performed
for relative energies of atomic level splitting of the U atom.
Our calculated results at the OPBE/ZORA-SR level along
with available experimental values are summarized in Table 1.
We can see that the approaches used in this study give results
in agreement with available experimental values. In addition,
we calibrated the current approach with a previous theoretical
study of equilibrium geometries for uranium oxides (UO,
UO,, UO;5 and U,05) [36], and found that the equilibrium
geometries were well reproduced by the OPBE/ZORA-SR
method. Finally, we analyzed the effect of spin—orbit interac-
tion by performing single-point calculations on the optimized
geometries obtained at the OPBE/ZORA level within the
spin—orbit ZORA approximation (OPBE/SO-ZORA).

Results and discussion

Structures and frequency analysis

Dozens of possible geometries have been designed for U,O,
(n=0~2, 4) molecules to obtain minimum energy structures.

We performed geometry optimization for all possible spin
multiplicity of the title molecules, and computed energies for

Table 1 Relative energies (in kcal/mol) of energy levels for U atom

Species Our work Experimental *
[Rn]5f36d7s” (3) 10.16 17.12
[Rn]5f36d7s” (5) 0.00 0.00
[Rn]5f%6d> (7) 52.54 66.01

# Statistically averaged spin orbit energy levels taken from [35]
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Table 2 The multiplicity (A1),
point group (PG), total energies Mole M PG  Es E (V) AE . Esob AESE R (A)
(E), electronic state (E£s) and V)" (eV) (eV)
bond length (R) for the stable
structures of UyOy, (n=0-2, 4) U, 5 Dy %, 9936 032 -1423 042  R(U-U)=2.192
molecules 7 Don D, -10.256  0.00 -14.65  0.00 R(U-U)=2.194/2.20 [13]/2.43 [15]
9 D, gAg —9.395 0.86 —-1233 232 R(U-U)=2.302
U,0 3 Coy @ —21.061  0.00 -25.67  0.00 R(U-U)=2.224 R(U-0)=1.813
9 D %, 18130 293 2117 450 R(U-0)=2.035
5 Cy °Ay 20621 044 2490 0.77 R(U-U)=2.201 R(U-0)=2.507
U,0, 3 D °%,  —32389 000 3657 0.00 R(U-U)=2.237 R(U-0)=1.809/2.04
[12]
5 Coy A, —30.741 1.65 —35.05 1.52 R(U-U)=2.280 R(U-0)=2.065
5 Cs A —25.435 695 3436 221 R(U-U)=2.931 R(U;-04)=2.141
R(U-0,)=2.144 R(U,-0,)=1.940
U0, 3 Dy, By, 50831 0.00 —5524  0.00 R(U-U)=2.437 R(U-05 4)=2.087
? Difference from ground state R(U-0,,)=1.820/1.82 [12]
energy 3 Dy, A —48.220  2.61 -54.13  1.11 R(U-U)=4.173 R(U-0)=1.834
® Frozen core TZP for Th and O 5 Doy By 49268 156 5462 0.62  R(U-U)=2.495 R(U-0)=1.845

atoms, ZORA-SO results

a number of points in the neighborhood of the equilibrium
structure to achieve a global minimum energy structure. The
results including the multiplicity (M), point group (PG), elec-
tronic state (E'g), total energies (£) and bond distance (R) of
the stable structures are listed in Table 2; Fig. 1 presents the
stable isomers of U,0, U,0, and U,O4 molecules.

As shown in Table 2, the ground state of U, is a septet state
(six unpaired electrons with parallel spin) with an equilibrium
bond length of 2.194 A; the corresponding ground state is
X®,. Our results are consistent with those of Gagliardi et al.
[15], who also indicated that the most stable electronic state of
U, was a septet state, and all spins are predicted to be parallel
(ferromagnetic coupling), which can be attributed to
‘exchange stabilization’: if all open-shell electrons have the
same spin, the interaction between the non-bonding 5f

Fig. 1 Stable isomers of U0,
U,0, and U,0O,4 molecules
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U,04 (D2p)

electrons is energetically more favorable than the antifer-
romagnetic coupling of the 5f electrons. On the other
hand, our U, bond distance is shorter than their value
(2.43 A). Nevertheless, our result for the U-U bond
distance is in agreement with early theoretical studies by
Pepper et al. [13], where U, was found to have an equi-
librium bond distance of 2.20 A, although they predicted
the ground electronic state was ° ¥ " Furthermore, using
the B3LYP method with the relativistic effective core
potential and contract valence electron basis set, Wang
et al. [14] predicted that the ground state of the dimer U,
should be X9Zg, with a long bond distance of 3.89 A and
short bond 2.99 A, respectively. Predicting the ground elec-
tronic state of U, is a challenging task and we report here only
the result obtained according to our calculations.
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Table 3 Population properties

for U,, U,0, U,0, and Molecule Atom Net charge Spin density Total
U,04 molecules
U, U, 0.0000 3.0000 [core] 5£3%12 6p> 27 6d' %8 (65+7s) >0
U, 0.0000 3.0000 [core] 53212 6p>9%7 6d'#%8 (65+7s) 302
U,0 U, -0.0676 1.1206 [core] 5f 3782 6p®116 64! 43¢ (65+7s) 3234
U, 0.7464 0.8955 [core] 531 6p> ! 6d'°7° (65+7s) 2%
0, -0.6788 -0.0162 [core] 2s'7¢ 2p*&5!
U,0, U, 0.6656 1.0241 [core] 53183 6p>%* 6d 6% (6s+7s) 265
U, 0.6656 1.0241 [core] 5£ 3183 6p>8* 6d 190 (6s5+7s) 2683
0, —0.6656 -0.0241 [core] 2s'9%% 2p* 634
0, —0.6656 -0.0241 [core] 2597 2p* 634
U,04 U, 1.4908 1.1076 [core] 552 6p >72% 6d ' (6s5+7s) 2*¥
U, 1.4908 1.1076 [core] 5£%°% 6p> 7> 6d "4 (6s+7s) >3°
0, —0.6882 —0.0545 [core] 257000 2p* 47
0, —0.6882 —0.0545 [core] 257000 2p* 47
0 -0.8026 -0.0531 [core] 259 2p*7¢7
0, -0.8026 -0.0531 [core] 259 2p*7¢7

The U,0 molecule forms a stable linear equilibrium struc-
ture with U-O and U-U bond distances of 1.813 A and
2.224 A, respectively, as can be seen from Fig. 1. The ground

. .. . >3
electronic state of U,O molecule is identified as the X &
state. On the other hand, the ground electronic state of U,O,

is found to be the X 3Zg state with D, symmetry and U-O
and U-U bond distances of 1.809 A and 2.237 A, respectively.

. ~3
The bridge-bonded structure with Doy, symmetry and X By,
state is found to be the most stable configuration for the U,O,4

molecule. As can be seen from Fig. 1, the X 3B1g state of
U,0, exhibits a U-U bond distance of 2.437 A and a
pyramidal U-O-U bond angle of 71.44°. In addition, the
expectation value for S? (<8*>) is 2.015, which indicates an
insignificant spin contamination.

In Table 2, we also listed the energies calculated by
spin—orbit ZORA approximation. One can see that the
spin—orbit ZORA method improves the relative energies
of different molecular structures compared with ZORA-
SR, but does not change the order of relative energy.
This is consistent with the experimental results of Andrews
and collaborators [3, 37], who found that, for uranium
molecular systems, spin-orbit corrections have little effect on
their computed geometries.

The calculated harmonic frequency of the ground state U,
molecule is 325.75 cm ™', The maximal IR intensity peak of
the ground state structure of the U,O molecule is at
870.59 cm' with an infrared intensity of 427.283 km/mol,
and the vibrational mode corresponds to U-O bond stretching.
Two absorption peaks can be seen in the U,O, absorption
spectra with the maximal IR peak at 867.11 cm™'. The U,0,
IR spectra exhibit more absorption peaks and the maximal IR
absorption intensity peak is located 867.43 cm'. All the

@ Springer

maximal IR absorption intensity peaks of the U,O, U,0,
and U,0,4 molecule correspond to stretching of the U-O bond.

Population analysis and frontier orbitals

The charge population properties and spin density of the
ground state for U,, U,0O, U,O, and U,04 molecules are
presented to further illustrate the electronic structure. The
results are detailed in Table 3, and the symbols (U, O, etc.)
in the table are in accordance with those in Fig. 2.

As can be seen from Table 3, the two uranium atoms in U,
are neutrally charged, as expected. For the U,O molecule, the
uranium atom, which was in the middle of the molecule (as
shown in Fig. 2), is negatively charged to some extent, which
may be an artificial result of Mulliken population analysis. For
other uranium oxides, the uranium atom always loses an
electron and acts as the electron donor, while the oxygen atom
always obtains electron as the electron acceptor.

The charge population results indicate that the 5f, 6d and 7s
orbitals of the uranium mix with the 2p orbital of oxygen in
U,0, U,0, and U,0O4 molecules. As shown by the charge
population results listed in Table 3, the number of electrons in

Ul 02 Ul U2 Ol

U, D, U,0 C,,
’03
o1 Ul U2 Ol
9 900 4—%0
@0
U,0, D U,0, D,,

Fig. 2 Ground state structures of U,, U,0, U,0, and U,0, molecules
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Table 4 HOMO and LUMO percentages (%) for ground state of U,O,
molecule (D5;,)

MO -L  Irreducible

representation

U,04 Occupation U (%) 0 (%)

x HOMO B,, 1 f:y 88.47
fiz,, 6.45
piy 2.01
f:x 99.71
iz’ 52.01
d:z* 13.87
diyzy2 951
fiz 7.32
p:z4.88
fiz,, 66.24
d:xz 20.5
fix 6.08
p:x 543

LUMO By, 0
B HOMO A,

LUMO Bgj, 0

Fig. 3 Frontier molecular
orbitals of ground-state structures
OfUz, Uzo, U202 and U204
molecules

HOMO-q
! HOMO-u
éf ﬁ
LUMO-a LUMO-a LUMO-a LUMO-a
HOMO-B HOMO-B HOMO-B HOMO-B
LUMO-B LUMO-B LUMO-B LUMO-B

U,0

U,

% &

HOMO-a

6s+7s orbitals of the uranium atom in uranium oxides is less
than that in the same orbitals of a neutral uranium atom, which
have four electrons. Meanwhile, the number of electrons in the
2p orbital of the oxygen atom is larger than that in an isolated
oxygen atom, which has four electrons. Charge transfers from
the 7s orbital of uranium to the 5f, 6d orbitals of uranium and
2p orbitals of oxygen. These significant hybridizations or
orbital mixing between 5f, 6d and 7s orbitals of uranium and
the 2p orbital of oxygen will enhance the bonding strengths of
the U-O bonds. This property is consistent with our recent
study [36] on UO; and U,0O3 molecules.

The net charge distributions of the two oxygen atom in
U,0, are close to those of the corresponding oxygen atoms in
U,04 (O1 and O2). As can be seen from Table 3, the U,0O,
exhibits net charges of U, , (0.6656) and O;_, (—0.6656). The
charge of the two chemically bonded oxygen atoms is about
—1.32 for U,0,, and the same charge is depleted from the two
U atoms in U,O,. On the other hand, net charges in U,O, are
U, (1.4908), Oy, » (—0.6882) and O3, 4 (—0.8026).

HOMO-a

U,0,

85
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Table 5 Bond orders analysis for the U,, U,O, U,O, and U,0O4
molecules

Molecule Species BOg; * BOnm °
U, U,-U, 5.92 6.67
U,0 U,-0, 2.39 2.90
U,-U, 5.04 6.54
U,0, U;-0, 2.41 2.95
U,-0, 241 2.95
U;-U, 4.87 5.88
U,0;° U;-0, 1.14 1.44
U,-0, 1.14 1.44
U,-05 1.14 1.44
U,-0, 1.14 1.44
U,-0, 1.14 1.44
U,-05 1.14 1.44
U;-U, 3.12 3.52
U,04 U,-0, 1.16 1.42
U,-05 1.16 142
U,-O4 2.33 2.78
U,-0, 1.16 1.42
U,-03 2.33 2.78
U,-0y4 1.16 1.42
Uy-U, 277 3.15

#BO0gj, Gophinatan-Jug bond order
*BOnu, Nalewajski-Mrozek bond order
¢ From our recent study [36]

Consequently, the two U atoms are depleted by about 3.0e in
total due to the presence of four oxygen atoms in U,QOy.
Therefore, more charge is depleted from U atoms in U,Oy4
than those in U,O,. Based on this result, we predict that an
additional O atom approaching U,0, might assist in further
oxidizing of U,0y4, and result in forming stable higher oxides.
The spin densities of the unpaired electrons are distributed
among the U and oxygen atoms. The uranium atom makes a
positive contribution to the total spin multiplicity in U,O,
U,0, and U,0,4 molecules, while oxygen always contributes
a negative spin. For U, molecule, the overall six valence
electron spins are parallel and the two uranium atoms have
the same spin density. The ground state of U,O, exhibits a
distribution of spin densities as U (1.1076), O, , (—0.0545),
and Os, 4 (—0.0531). This suggests a more significant spin
localization on U in the case of the U,0O,4 molecule; therefore,
the unpaired electron concentrates mainly on the U atom.
Molecular orbital analyses show that the frontier orbitals of
U,, U,0, U,0, and U,04 molecules were contributed mostly
by 5f orbitals of U atoms. Taking U,O,4 molecule as an example,
the contributions to HOMO and LUMO of the ground state
U,0,4 molecule in terms of atomic orbitals are listed in Table 4.
The electrophilic attack would occur preferentially at the HO-
MO site [38], and we can thus predict that an additional O atom
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attacking the U,O,4 molecule (bridge-bonded structure with Dy,
symmetry) may form a bond with the U atoms in U,O, prefer-
entially. The frontier molecular orbitals of ground-state
structures of U,, U,0, U,0, and U,O, molecules are
presented in Fig. 3. As shown by the frontier molecular
orbitals, HOMO is the bonding orbital between the two U
atoms. The two HOMOs of U, are 7-type bonds, which
correspond to the 6drt, orbitals in Gagliardi’s work [15].

Bond order gives an indication of the stability of a bond
and is also an index of bond strength. The bond orders
analyses [39, 40] of small molecules are listed in Table 5.
The symbols (U, O, etc.) in the table are consistent with those
in Fig. 2. As shown in Table 5, with the U-O coordinate
number increasing, the U-O bond order decreases. Our cal-
culations also reveal that the U-U bond distances and bond
orders depend on the U-O coordinate number around the U
atoms. For the U, molecule, there are no electronegative
oxygens to support a large positive charge on the U atoms;
the U-U bond is the strongest (bond order is 5.92) and has the
shortest U-U distance (2.194 A). With an increasing number
of oxygen atoms around the U, molecule, the strength of the
U-U bond is gradually weakened (bond orders in U,0, U,0,
and U,0y4 are 5.04, 4.87 and 2.77, respectively), and the U-U
bond length becomes longer (bond lengths of U,0, U,O, and
U,0, are 2.224 A, 2.237 A and 2.437 A, respectively). The
U-U bond in U,03 is weaker than in U,O,4 and this disaccord
is due to the special structure of the U,O; molecule. The
ground-state structure of the U,0O5 molecule has been identi-
fied as a trigonal bipyramid conformation [36], with three
oxygen atoms in the bisecting plane of two uranium atoms,
shared by the two uranium atoms. This makes the U-U bond
of U,03 weaker than that in U,Oy,.

Bond orders alone with force constants and dissociation
energy of U-U bond in U,0, U,0, and U,0O, molecules are
reported in Table 6. No direct correlation was found between
bond order and bond dissociation energy. The OU-U/OU-UO
pair is a good illustration. Similarly, this view was also con-
firmed by the studies of Roos and collaborators. [41] They
pointed out that the bond energy is a complex quantity that
depends on atomic promotion energy and the interplay between
attractive nuclear forces and electron repulsion, among other
factors. The force constant (k) is a measure of the strength of the

Table 6 Bond orders correlate with force constants and dissociation
energy of the U-U bond in U,0, U,0, and U,0,4 molecules

Molecule  Species Bond orders Force constants D, (U-U)
(NM) (eV)
BOg; BOnm
U,0 OU-U 504 654 726.44 4.93
U,0, OU-UO 487 5.88 759.83 5.56
U,04 20U0-U02 2.77 315 480.62 427
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Table 7 The entropy (S)* heat capacity (C,,)* and internal energy (£ )° of U,0,, molecules

T(K) Uz U20 U202 U203 U204

S E c, N E Cp N E C, N E C, S E c,

293 6372 1096 857 7392 2727 13.03 8218 4355 1747 8239 5560 2142 9376 69.16 23.97
298 63.86 11.13 858 7414 2753 13.06 8248 4389 1753 8275 56.02 21.54 9417 69.62  24.08
313 6429 1150 861 7479 2820 13.16 8334 4485 17.69 83.82 57.27 21.85 9536 71.04 2439
353 6533 1263 868 7638 30.08 1339 8549 4753 18.09 8649 60.66 22.55 9834 7485 2512
393 66.26 1376 873 77.83 32.00 13.58 8746 5025 1844 8894 64.15 23.09 101.1 1239 2576

#In Cal/mol-Kelvin

® Internal energy (E) including the zero-point energy, in kJ/mol

interaction of atoms. A correlation between force constant and
bond dissociation energy was found—an increase in force
constant as the bond dissociation energy increased.

Thermodynamic properties

Entropy (S), internal energy (£), and heat capacity (C,) are
fundamental thermodynamic parameters that provide insight
into binding strength, the energies of nuclear materials and the
nature of the actinide material [42]. The S, £ and C,, for the
lowest energy structures of U,O,, (n =0—4) molecules at tem-
peratures ranging from 293.0 K (about 20°C) to 393.0 K
(about 120°C) are listed in Table 7. The U,0O5 with trigonal
bipyramid structure obtained in our previous study [36] was
used in the thermodynamics calculation. As can be seen from
Table 7, the increase in entropy with temperature could be the
consequence of a more disordered U,O,, (n =0—4) structure at
elevated temperatures due to perturbation by thermal
movements. The heat capacities (C}) of these molecules also
increase as the temperature increases. The internal energy of
U,0,, (n =0~4) shows the molecules become more endothermic
as the temperature increases.

We computed the standard enthalpies of formation for UO,
U,0,, U053 and U,0,4, and compared them with available
experimental data to verify the rationality of the molecular
structure we determined. The standard enthalpy of the forma-
tion of molecules can be derived from the molecular dissoci-
ation energy and heat of sublimation through constructing a
Hess cycle. According to Hess’s law, if a reaction can be
carried out in a series of steps, the sum of the enthalpies for

each step equals the enthalpy change for the overall
reaction. Detailed discussions on the calculation of the
standard enthalpy of formation can be found in the literature
[43]. The dissociation energies of UO, U,0,, U,05 and U0,
are listed in Table 8.

Taking UO (g) as an example, the standard enthalpy of
formation can be determined by the following equation:

1 / 20,(g) + U(s)—UO(g) (1)

The change in enthalpy of the above equation equals the
energy released in the each step reaction using the following
cycle:

U(s) = U(g) AH, = 535.6 kJ/mol )
[44, 45]
1/202(g) —0(g) AH,=251.248 kJ/mol (3)

U(g) +0O(g) = UO(g) AH; = ~771.592 kJ/mol (4)

By summing the enthalpies for each step above, we obtain
AH=15.45 kJ/mol'. Applying the same method, the stan-
dard enthalpy of formation for U,0,, U,O3 and U,O4 mole-
cules were calculated and the results are listed in Table 9.

From Table 9, we first note that the standard enthalpy of
formation for UO is 15.45 kJ/mol™', which is in good

Table 8 Energy (£) of U, O

atoms and UO, U,0,, U,05 and EUnom (kJ/mol) E ) (kJ/mol) Eo) (kI/mol) D (kJ/mol)
U,0,. Dissociation energy (D)
of UO, U,0,, U,05 and U,0, uo —1,245.72 —262.25 —211.88 —771.59/~759.34 *
molecules U,0 —2,032.07 —262.25 —211.88 —1,296.90
U,0, —-3,125.06 —262.25 —211.88 -2,176.80
U,0; —3,903.99 —262.25 —211.88 —2,743.79
U,0, —4,904.44 -262.25 —211.88 —-3,532.35

* Experimental D, [46]

@ Springer



5576

J Mol Model (2013) 19:5569-5577

Table 9 Standard enthalpy of formation for UO, U,0, U,0,, U053 and
U,0,4 molecules

AH ¢ °(kJ/mol) AH ¢ ° (experimental) (kJ/mol)
UO(g) 15.45 19.9+10 [47]
U,0 () 26.86 —
U,0x(2) -602.72 —39136 [12]
U,0s5(g) -918.22 —808+29 [12]*
U,04(g) —1,455.29 —1,262+26 [12]*

Proposed value

agreement with experimental results. The results of U,05 and
U,04 are 10 % and 13 % larger than experimental data,
respectively, while these results are still in reasonable
agreement with experimental values. On this basis, the
standard enthalpy of formation for U,O is predicted to
be 26.86 kJ/mol'. Nevertheless, our result for U,O, deviates
from experimental values to a larger degree (50 %). Besides
the error in the chosen XC functional, these deviations may
also be related to uncertainty of the ground state energy of the
U and O atom, which will further give rise to uncertainties on
the dissociation energy of the title molecules. Most atoms
have degenerate ground states; this leads to uncertainties of
13-20 kJ/mol ™" in the atomic ground state energy of second
and third period main group elements and the first transition
series [48]. This uncertainty is expected to be large for U.
Overall, the reasonable agreement of the standard enthalpy of
formation between theoretical and available experimental data
available justify the optimized structures of U,0O,, (n=0-2, 4)
molecules in another respect.

Conclusions

The stable structures of U,, U,0, U,0, and U,0,4 molecules
were investigated systematically based on DFT calculations.
Our computations indicate that the ground electronic state of
the U, molecule was the X®, state, with an equilibrium bond
length of 2.194 A; the ground electronic state of U,O and

U,0, was found to be X' and X', with stable C.,, and
D, linear structures, respectively. The bridge-bonded struc-

ture with D,p, symmetry and X 3Blg state is found to be the
most stable configuration for the U,O4 molecule.

The charge population property, spin density and bond
order of U,, U,0, U,0, and U,O, molecules have been
discussed. The results demonstrate a charge transfer from
uranium atom to oxygen atom, and orbital mixing between
5f, 6d and 7s orbitals of uranium and the 2p orbital of oxygen.
Spin density analysis indicates that, for the U, molecule, the
directions of spin for the overall six unpaired valence electron
are parallel, and two uranium atoms have the same spin

@ Springer

density. The uranium atom makes a positive contribution to
total spin multiplicity for U,O, U,O, and U,0,4, while oxygen
always contributes to negative spin. Molecular orbital analy-
ses showed that the frontier orbitals of U,, U,O, U,0, and
U,0, molecules were comprised mostly of 5f atomic orbitals
of U atoms.

The harmonic frequency of the ground state for U,
molecule is at 325.75 cm™ !, and the maximal IR peaks of
the ground state structure of U,0, U,0, and U,0, are at
870.59 cm ', 867.11 cm ' and 867.43 cm™ ', respectively;
these maximal IR peaks correspond to the vibration of oxygen
atoms.

The entropy, internal energy, and heat capacity (Cp) for the
lowest energy structures of U,O, (n=0-4) molecules at
temperatures ranging from 293.0 K to 393.0 K have
been calculated. Our results show that enthalpy and heat
capacity increases with higher temperature; the results of
internal energy indicate that the molecules become more
endothermic as the temperature increases. The standard en-
thalpies of formation for UO, U,0,, U,05 and U0, were also
calculated and compared with available experimental data to
verify the rationality of the obtained molecular structure.
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