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The equilibrium structures, the charge population, and the spectroscopic properties of UO, UO2, UO3, and U203

molecules are systematically investigated using the density functional theory (DFT) with the method of generalized

gradient approximation (GGA). The bond lengths and the vibrational frequencies of the ground states of UO, UO2, and

UO3 molecules are all in agreement with available experimental data. For U203 molecules, our calculations indicate that

the ground state of the U203 molecule is an X7 A/ state with Dgy, (trigonal bipyramid) symmetry (R1(U-0)=0.2113 nm,
R2(U1-U2)=0.2921 nm, ZU;0Us = 87.5° , dihedral angle ©(U,01,02,03)=62.40°). The harmonic frequency, the IR
intensity and the spin density of the UsO3 molecule are all obtained for the first time in theory. For the ground state of
U203 molecules, the vibrational frequencies are 178.46 (A'), 276.79 (EY), 310.77 (E/), 396.63 (A}), 579.15 (E}), and
614.98 (A1) cm~!. The vibrational modes corresponding to the IR maximum peaks are worked out for UO3 and UzO3

molecules. Besides, the results of Gophinatan—Jug bond order indicate that UO, UO2, and UO3 molecules possess U=0

double bonds and that the U203 molecule possesses U-O single bonds and a U-U single bond.
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1. Introduction

The physical and the chemical properties of the
actinide elements are an important research area for
rational handling of nuclear materials.[!l Uranium, one
of the important late actinide elements, has drawn
much attention for its nuclear property and wide ap-
plication in energy generation. Uranium is a highly
reactive metal and it reacts with almost all of the non-
metallic elements and many of their compounds. The
metal tarnishes in air, resulting in a dark layer of ox-
ide. When finely powdered, uranium ignites sponta-
neously in air. The existence of unusual uranium ox-
ide gaseous species of high stability in addition to the
known UO(g), UO2(g), and UO3(g) molecules may be
of importance in pressure-volume-temperature (PVT)
data assessment for uranium oxygen systems at very
high temperatures.?! In the course of multipurpose
mass spectrometric studies on high temperature va-
porization of (EusO3 + UOs + WO3) and of (EuPOy
+ UO3) powders, Guido and Balduccil? found the
U203(g) species for the first time. Hence, the com-
plete uranium oxides molecular structure and spectral
data are essential to study the secure storage of the
uranium.
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Quantum chemistry calculations are now reaching
a level of sophistication where they may provide accu-
rate results for lanthanide and actinide compounds.
These advances offer the possibility that actinide
chemistry may soon be explored by computational
methods, thereby circumventing many hazardous and
expensive experimental studies.!?! However, the study
of uranium molecules presents a challenge for experi-
mental and theoretical researchers. The nearly degen-
erate bf, 6d, 7s, and 7p orbitals give rise to a multi-
tude of possible configuration interactions and a large
number of electrons, open f and d shells, and strong
relativistic effects must be taken into account.[*% For
uranium oxides, in Refs. [6]-][9] the UO, UO2, and
UO3 molecules trapped in rare gas matrixes were in-
vestigated. In 2000, Gagliardi and Roos!'? studied
the uranium triatomic compounds XUY (X,Y=C, N,
O) using the multiconfigurational second-order per-
turbation theory (CASSCF/CASPT2) and the density
functional theory (DFT). In 2001, Gagliardi et al.!']
further calculated the electronic structure of the UO,
molecule. They found UO; has a 2®, ground state.
In 2003, Christopher Lue et al.l®! measured the elec-
tronic spectrum of UQOs isolated in a solid Ar matrix.
In 2005, Gagliardi et al.l’! continued to study the elec-
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tronic spectrum of the UO5 molecule using spin—orbit
coupling, and they confirmed that the ground state
of UO, is X3®, (2 = 2). UO3 was studied at the
SCF level by Pyykké et al.l'?l who described a planar,
almost T-shaped species with Cy, symmetry. Studies
by Zhou et al.l! indicated that the ground state of the
UO;3 molecule is X A;.

The structures, the properties, and the chemical
bonds of the actinides oxides have been the focus of
numerous theoretical and experimental studies due to
the actinides element f orbital. We present a theoreti-
cal study on UO, UO3, UO3, and U303 molecules. We
focus our attention on four aspects: (i) to find out the
ground state structure of the UsO3 molecule; (ii) to
ascertain the chemical stability of the UsO3 molecule;
(iii) to analyse the population properties and bond
orders of the UO3 and UyOg molecules; (iv) to ac-
quire the infrared spectral data of the UO3 and UyO3
molecules. The computational methods are described
in Section 2. The calculated results are presented in
Section 3, including four parts concerning geometries,
electronic properties, population properties, and bond
orders, and spectrum analysis, followed by a conclu-
sion in Section 4.

2. Computational method

All calculations were performed with the den-
sity functional theory implemented in the ADF
package.'®=21 Lyon et al.l*?! used the ADF to study
the formation of unprecedented actinide=carbon
Zhang and Lil** used the ADF to
study the molecular structures and the vibrational

triple bonds.

frequencies of uranium hexahalides UXg (X=F, Cl,
Br, and I). Their study results are in good agree-
In the
method, the DFT has been used successfully to study

ment with the recent experimental data.

the physical and the chemical properties of uranium
and plutonium systems.?224=261 We used the spin-
polarized generalized gradient approximation (GGA)
with OPTX exchange with PBE correlation (OPBE)
functional for the exchange and correlation (XC) in-
teraction, and double zeta no polarized basis sets
(DZ). The scalar relativistic (SR) zero order regu-

lar approximation (ZORA)[27:28l

was adopted to ac-
count for relativistic effects. Self-consistent field cal-
culations were done with a convergence criterion of
10~ Hartree (1 Hartree=27.21 eV) on the total bond-
ing energy. A 0.001 Hartree electron smearing was
applied to the molecular orbital occupation. In the
geometry optimization, the converge thresholds were
set to be 10~% Hartree for the energy, 10-2 Hartree/A
(1 A=0.1 nm) for the gradient and 10~2 A for the ra-
dial. We started with the lowest spin multiplicity for
the UO, UOy, UOg3, and UsO3 molecules, then per-
formed the spin-unrestricted calculations for all pos-
sible spin multiplicities. In as much as the 6s and 6p
orbitals are important for uranium bonding, they are
included explicitly in the variational space along with
the 5f, 6d, and 7s valence orbitals, therefore, medium
frozen-core approximation was applied to the U [1s%-
5d'%] atomic core. For oxygen atoms, we included 6
electrons from 2s and 2p orbitals.

3. Results and discussion

3.1. Equilibrium structure

For UO and UO3(Dxop), we considered the possi-
ble multiplicity and proceeded geometry optimization.
The ground state of the U atom is °Lg and that of the
O atom is 3Py. The possible multiplicities, the total
bonding energies and the bond lengths are listed, in
Table 1.

Table 1. Equilibrium structures for UO and UO2 (Dyop) molecules.

Uo UO2 (Door)
Multiplicity® E/eVP R/nm Exp!?% /nm Multiplicity® E/eVP R/nm Expl® /nm
3 -13.0271 0.1848 1 -19.7941 0.1839
5 -13.4105 0.1856 0.1838 3 —23.2782 0.1823 0.1800
7 —5.0988 0.2203 5 —20.8348 0.1901

a Multiplicity(Multi). P Total bonding energies (E).

As shown in Table 1, the ground state of UQO is
a quintet state. For UQ,, the triplet state has the
lowest energy, and its electronic state is X3®,. The

U-0 distances in UO and UO5 molecule equilibrium

structures are 0.1856 nm and 0.1823 nm, respectively,
which are in agreement with the experimental values
of 0.1838 nm and 0.1800 nm. So the method of the
GGA/OPBE should be feasible to extend to the com-
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putation of uranium oxides molecules.

The accurate electronic state for the ground state
is of importance to study molecular properties. As a
significant uranium compound, the electronic state of
UO; has been the subject of several recent theoretical
and experimental studies, owing to the fact that the
guest—host interaction in rare gas matrixes will change

s.[45:30] An intriguing feature

the ordering of the state
was found in our process of geometric optimization for
the UO45 molecule, which is the electronic state chang-
ing between 3®, and 3A,. In order to determine which
electronic state corresponds to the ground state, we
have specified occupation numbers to the gate geomet-
ric structure and performed re-optimization. The cal-
culations indicate that in comparison with total bond-
ing energy of 3A, (—23.1438 eV), the total bonding
energy of 3@, state is low (—23.2292 eV), the energy
gap between the two states is 0.0854 eV, which is in
qualitative agreement with the previous theoretical re-
sult of Gagliardi et al.’) Gagliardi et al. indicated that
the energy gap between 3®, and 3A, is 1990 cm™!
(0.2467 €V), and pointed out that these two states are
in spin—orbit free and 3®, and 3A, have the same elec-

tronic configuration (5f) (7s). Using spin—orbit cou-
pling, they confirmed that the ground state of UO5 is
X3®, (2 = 2). The spin contamination of our calcu-
lation was checked to prove the credibility of the data,
the S? expectation value ({S?)) is 2.0097, for triplet
state (s = 1) the exact value of S? is 2; the difference
of two values is 0.0097, which demonstrates that the
spin contamination for this molecular structure is very
small.

For the UO3 molecule, the most possible molec-
ular structures are Cq,, D3, and Cs,. The depicted
structures are presented in Fig. 1. Using the same
method as that mentioned above, the possible mul-
tiplicity, the total bonding energies, and the bond
lengths of the UO3 molecule have been calculated, the
results are listed in Table 2.

O1
R O] p Oli

02 ()3 02

D 3h CZS v

Fig. 1. (colour online) Geometries of UO3 molecule.

Table 2. Ground state equilibrium structure for UO3 molecule.

Multiplicity® E/eVP R /nm® Rz /nmd Angle/(°)®
1 -32.398 0.1870 0.1841 154.7
3 -30.616 0.1904 0.1854 162.0
Cav 5 —27.605 0.1928 0.1928 119.7
7 —23.485 0.2198 0.1986 173.3
Ref. [6] - 0.1853 0.1810 158.8

a Multiplicity (Multi). P Total bonding energies (E). © The distance of U-O7. 4 The distance of U-O2 (O3). © The angle of

02-U-0O3.

The ground state equilibrium geometry of the
UO3 molecule is an almost T-shaped structure with
Cy, symmetry. By comparison with the total bond-
ing energies of different multiplicities, we find that the
ground state of UQOsg is singlet. Its electronic state is
X'A;. Our study shows that the Dsj, geometry for
UOs3 is not in a true minimal energy state; it has a
doubly degenerate imaginary frequency that leads to
the almost T-shaped minimal energy structure, which
is in agreement with the previous theoretical result
given by Zhou et al.[%l For Cs, geometry of UOg, al-
most all the results tend to be of Ds;, geometry, even-
tually it is converted into almost T-shaped minimal

energy structure.

s as A

1# Dy, 2% Cy, 3% Dagy,
4# CS 5# CQ‘U 6# Cs

Fig. 2. (colour online) The most possible molecular struc-
tures of the U203 molecule.

The ground state equilibrium structure of the
U303 molecule has been found to be of a trigonal
bipyramid with Ds; symmetry. In the process of

optimization, 15 kinds of possible structures have
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been designed; the most possible molecular structures
and their corresponding symmetries are presented in
Fig. 2. The difference between 4% (Cy) and 6% (Cy)
symmetries is that in 6% (C) structure, there is a
uranium atom in the same plane as where the three
oxygen atoms stay. Possible multiplicities, total bond-
ing energies of molecular structures are listed, respec-
tively, in Table 3. After optimizing these structures
mentioned above, we find that most geometry struc-

tures are unstable, such as 6% (C) geometry; the ura-
nium atom which is in the plane where the three oxy-
gen atoms stay moves to another vertex of the trigo-
nal bipyramid and eventually it is converted into an
equilibrium structure. From Table 3, we can see the
total bonding energy of the septet state is lowest. The
corresponding bond length, angles, and dihedral angle
are listed in Table 4.

Table 3. Total bonding energies of different multiplicities.®

Multiplicity® 1# 2 3# 4% 5% 67
3 -38.1048 - -39.5288 ~40.0305 - -
5 -38.3303 ~31.8849 ~40.2909 - ~40.3132 -
7 -39.1224 -32.3529 —40.4617 - —40.1920 -
9 -32.2334 ~31.7559 ~36.8287 - -36.9109 -
11 -31.1695 -32.1265 ~32.2589 - - -
13 ~26.8644 ~28.5845 ~28.9609 ~24.4902 - -

2The unit of energy is eV. PMultiplicity (Multi). — Convergence failure.

Table 4. Bond lengths and angles for the ground state of the UsO3 molecule (Dsp,).

Bond length/nm
Ry R(U?, OzP)
Ry R(Uy, Us)

0.2113
0.2921

Angle/ ()
A A(Uq, Oz, Ua) 87.5
e 6(U,01,02,03) 62.40

aU, or Uy. Pz =1, 2, 3.

Using the of direct
representation, 3!l we determined the ground state
of UyO3 with Ds;, symmetry to be X7A’. The cor-
responding energy of the highest occupied molecular
orbital (HOMO) of « orbital is —1.9106 eV, the energy
of the lowest unoccupied molecular orbital (LUMO) of
« orbital is —2.0325 eV, the energy gap is 0.1165 eV
for B orbital, the energy of HOMO is —5.5155 eV,
the energy of LUMO is —1.3179 eV, the energy gap is
4.1976 eV. As shown by the HOMO-LUMO gaps of

probable structures for septet state listed in Table 5,

theory products of

the largest gap corresponds to Djsp structure, which
indicates the UsO3 molecule with D3, symmetry has
higher chemical stability because it is energetically un-
favourable for adding electrons to a high-lying LUMO

or extracting electrons from a low-lying HOMO.?

The orbital contributions to HOMO and LUMO in the
ground state of the UsO3 molecule are listed in Table
6. The HOMO-LUMO of « orbital is contributed
mainly by 5f orbital of a U atom, while the HOMO
of 8 orbital is contributed mainly by 2p orbital of an
O atom and the LUMO () is contributed mainly by
7s orbital of a U atom. Hence, in electrophilic attack,
the reagent will selectively attack the 5f orbital of the
U atom and 2p orbital of the O atom; 7s orbital of the
U atom will be the most vulnerable to the attack by
nucleophile. Besides, the S? expectation value ((S?))
is 12.0376, and for septet state (s = 3) the exact value
of 52 is 12, so the difference between the two values
is 0.0376.

Table 5. HOMO and LUMO gaps of probable structures for the septet state of UOs3.

Orbital E/eV 1# (Do) 2% (Cav) 3# (Dsp) 5% (Cay)
HOMO —2.4236 ~2.6051 ~1.9160 ~3.8864

a LUMO —2.4781 ~2.5939 -2.0325 ~3.8086
gap 0.0545 0.0112 0.1165 0.0778

HOMO ~5.5308 ~4.1679 ~5.5155 ~6.9190

B LUMO ~2.2490 -2.3079 ~1.3179 -3.3076
gap 3.2818 1.8600 4.1976 3.6114
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Table 6. HOMO and LUMO percentages (%) for the ground state of the U203 molecule (Dsp,).

U203 U 0
MO 6p 5f 6d 7s 2s 2p
a HOMO 36/1' 88.13 11.48
LUMO lay 99.99
B HOMO 1al, 6.97 92.39
LUMO 53,’1 1.78 26.42 3.91 67.68 -1.38 1.94
3.2. Population properties charge population properties.
. (O) Ui O, U: O,
In order to further study the electronic structure .__O ._o__.
of uranium oxide, we have discussed the charge popu- U0 U0,
lation properties and the spin densities of the ground
states for UO, UO2, UO3, and UsO3 molecules: the 0, Ui gy
results are detailed in Table 7. The symbols (Uy, Oa, 0, 04 01@ 0,
etc.) in the table are corresponding to those in Fig. 3. U, Uy Os
Because natural bonding orbital (NBO) analysis in an UO3 U,054

ADF package cannot handle frozen cores currently, we

use the Mulliken populations to qualitatively describe

Fig. 3. (colour online) Equilibrium structures of UO,
UO2, UO3, and U203 molecules.

Table 7. Population properties for UO, UOg, UO3, and U203 molecules.

Molecule Atom Charge Spin density Total
Uo Us 0.5428 4.1842 [core] 5{3-4996p5-955641-110 (G54 75)2-889
O1 —0.5428 -0.1842 [core] 2s1-981 2p4.553
U1 0.7966 2.1580 [core] 5f3:083 gp5-8876q1-398 (Gg475)2-834
UO2 O1 -0.3983 -0.0790 [core] 252005 gp4.394
02 ~0.3983 ~0.0790 [core] 252005 9py4.394
U1 1.3616 0.0000 [core] 5£3:062 §,5.861641.717 (6s+7s)1‘999
o} -0.4413 0.0000 [core] 252011 gp4.467
v0s 05 0.4413 0.0000 [core] 252000 94432
03 -0.4413 0.0000 [core] 252009 9py4.432
U, 1.1100 3.1805 [core] 5{3:345 6p5-9696d1-368 (gs-475)2-206
Uz 1.1100 3.1805 [core] 5{3:345 6596964 1-368 (st 75)2-206
U203 O1 -0.7400 -0.1203 [core] 2s1:996 gp#.744
O2 —0.7400 —-0.1203 [core] 251-996 gp4.744
03 ~0.7400 -0.1203 [core] 251-996 gp1.744

As seen from Table 7, in all the uranium oxides,
the uranium atom always loses an electron, thereby
becoming an electron donor and the oxygen atom al-
ways obtains an electron, thus becoming an electron
acceptor. This characteristic can also be confirmed
by the electronegativity. The electronegativity of the
oxygen atom is 3.44, which is much larger than ura-

(33]

nium atom electronegativity 1.70, so the oxygen

atom can easily obtain an electron from the uranium

atom.

The charge population results indicate that there
are hybrid orbitals mixing 5f, 6d, and 7s orbitals of
uranium with the 2p orbital of oxygen in UO, UO.,
UO3, and Uy03 molecules.
included 14 electrons from the 5f, 6s, 6p, 6d, and 7s
orbitals of the uranium. As shown by the charge pop-

In our calculations, we

ulation results listed in Table 7, the electron number

of 6s+7s orbitals of the uranium atom in uranium ox-

043301-5



Chin. Phys. B Vol. 21, No. 4 (2012) 043301

ide is less than that of the same orbitals of the neutral
uranium atom which has 4 electrons. However, in neu-
tral uranium atom, the energy of 6s orbital is —52 eV
and 7s orbital is —6.1 eV,133] which is much higher
than that of 6s orbital. Therefore, the electrons of the
7s orbital should be easier to lose than those of the
6s orbital. The charge transfers from the uranium 7s
orbital to the 5s, 6d, and oxygen 2p orbitals. This
significant hybridization or orbital mixing between 5f,
6d, and 7s orbitals of uranium and the 2p orbital of
oxygen also enhances the bonding strengths of the U-
O bonds.

Through the analysis of the spin density, we found
that the uranium atom makes positive contributions

to the total spin multiplicities for UO, UO4, and U303
molecules, while oxygen always contributes to nega-
tive spin. For the UO3 molecule, the ground state is
of holosymmetry, so the spin density of UO3 ground
state is zero. The value of total spin density is equal
to the number of spin polarization (2s).

The molecular orbital (MO) percentage analysis
of the ground state of UsOg3 indicates that with or-
bital energy rising, the contributions of the 5f orbital
of the U atom and the 2p orbital of the O atoms to
MO increase, and the 5f orbital is dominant at higher
energy orbit; while the 6p orbital of the U atom and
the 2s orbital of the O atom contribution decrease,
and the results are listed in Table 8.

Table 8. Molecular orbital (MO) percentages (%) of valence and semicore orbitals in Uz O3 molecule.

U203 U O

MO(a) 6s 6p 5f 6d Ts 2s 2p
le/ 52.10 44.02 2.34
le” 97.25 3.41
2al) 97.00 2.85
2¢] 46.18 2.52 51.37
3a 35.76 64.57
3e] 1.05 9.15 18.49 1.68 69.95
2¢eY 2.42 5.57 20.68 71.14
4a) 5.53 2.12 27.18 1.07 61.33
3al) 2.05 10.82 10.73 76.07
4e) 12.54 4.42 2.03 79.58
1al, 12.82 86.50
ba) 85.10 10.06 4.37
6a 92.05 6.59

The Gophinatan—Jug bond orders in uranium ox-
ide molecules are quite different, and the results are
listed in Table 9. The symbols (Uy, Og, etc.) in the
table are corresponding to those in Fig. 3. The U-
O bond orders are 2.37, 2.41, 2.47, and 2.41 for UO,
UOs, and UQOg, respectively, showing that UO, UOa,
and UO3 molecules all possess double bonds; for the

U503 molecule, the U-O bond order indicates that it
has single bond, an d U;~Us bond order (1.60) reveals
the single bond properties. However, the U;-U, bond
order in the Us molecule is 5.92 (with bond length
0.2407 nm and the same computation method as that
shown in the context), which demonstrates that U and
O are easier to bond than U and U in uranium oxides.

Table 9. Gophinatan—Jug bond orders in UO, UO2, UOg3, U203, and Us molecules.

U1-0q U1-02 U1-0O3 Uz-0Oq Uz-0O2 Uz—O3 U;-Usz
Uo 2.37
UO2 2.41 2.41
UOs 2.47 2.41 2.41
U203 1.17 1.17 1.17 1.17 1.17 1.17 1.60
Uz 5.92
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3.3. Spectrum analysis

The irreducible representations corresponding to
the vibrations, the frequencies and the absorption in-
tensities for the ground states of UO, UOs, and UOj3
molecules are presented in Table 10. The vibrational
frequencies and the absorption intensities for the dif-
ferent modes of the ground state of the U303 molecule
are listed in Table 11. Besides, the vibrational spectra
of the four lowest-energy structures are all shown in
Fig. 4. Figure 5 i llustrates the vibrational modes for

the ground state of the U303 molecule, in which the
vibrational direction is shown with the black arrow-
head. There are 3n — 5 vibrational degrees of freedom
for a linear molecule, and 3n — 6 ones for a nonlinear
molecule. Hence, the UO molecule has 1 vibrational
degree of freedom; the UO5 molecule has 4 vibrational
degrees of freedom, two of them are degenerate vi-
bration, 6 vibrational degrees of freedom for the UOg
molecule, and 9 vibrational degrees of freedom for the
U203 molecule.

Table 10. Vibrational modes (Mode), frequencies, and absorption intensities (IR. int) for the ground states of UO,

UO2, and UO3 molecules.

Molecule Mode v (calc.)/em™! Ref.® v (exp.)/cm~1P IR. int/(km/mole)

Uuo o 869.12 846 889.5 200.745
Ty 80.92 - 138 83.017

UO2 Og 863.38 875 859 0.000
oy 936.25 937 914.8 375.321
al 130.21 262 186.2 39.114
bo 156.90 242 211.6 15.892

U0s b1 163.87 214 151.5 50.646
al 792.33 838 745.5 165.393
a1 865.73 964 - 31.965
bo 880.02 991 852.6 369.068

aUO data cited from Ref. [6] theoretical calculations, UO2 from Ref. [11], UO3 from Ref. [12]. PUO and UOs from Ref. [6]

experimental results, UO3 from Ref. [34].

Table 11. Vibrational frequencies for different modes of the
ground state of UaO3 molecule.

Mode Frequencies/cm~1! IR. int/( km/mole)
al 178.46 0.000004
e 276.79 0.000000
elll 276.79 0.000000
e} 310.77 32.726167
e} 310.77 32.726167
a’z’ 396.63 63.519435
e} 579.15 176.681036
e} 579.15 176.681036
all 614.98 0.000001

The vibrational frequencies of isolated UO5 have
been computed. As shown in Table 10, our results re-
veal the antisymmetric stretch of UOy at 936.25 cm ™!
and the symmetric stretch of UO, at 863.38 cm™!.
In recent years, vibrational frequency of UOs has re-
ceived a great deal of attention, because the unusual
behaviour of the matrix-isolated molecule is exhibited
as the noble-gas host is changed.®®) The antisym-
metric stretch of UOy was observed at 914.8 cm™!

in an Ne matrix and at 776.0 cm™! in an Ar ma-

trix separately.[69 The large shift (139 cm™') in fre-
quency from argon to neon is unlikely to be due to
typical polarizability-based matrix effects, which tend
to cause shifts on the order of 5 ecm™'-20 cm~! in
vibrational frequencies.*®! Jun et al.®% provided the
direct evidence of a significant U-Ar bonding interac-
tion when UQOs is in an argon matrix, showing that
this interaction is strong enough to cause the states
to have an observable shift. It has been found that
even the data for molecules isolated in cryogenic rare
gas matrixes, a medium usually considered to be min-
imally perturbed, can be influenced by the host to
a degree that the relationship between the matrix
data and the calculations for free molecules is se-
riously complicated.[) Hence, our studies should be
more suited to describe the vibrational frequencies of
an isolated UO5 molecule.

The vibrational frequencies of UOj3 are also indi-
cated in Table 10. It is clear that our results are in
reasonable agreement with experimental values. The
maximal IR peak of the ground state structure of the
UO5 molecule is at 880 cm ™! with an infrared inten-
sity of 369.03 km/mole, and the corresponding vibra-
tional mode is oxygen stretching vibration.
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Fig. 4. (colour online) Vibrational spectra and the vibrational modes corresponding to the maximal IR peaks of the
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state of the U203 molecule.

Our calculations on the vibrational frequencies of
ground state for the U303 molecule reveal that there
are 6 degenerate vibrations in 9 vibrational degrees
of freedom, corresponding to computed frequencies of
276.79 (EY), 310.77 (E}), and 579.15 (E}) ecm~!. The
remaining three nondegenerate frequencies are 178.46
(A1), 396.63 (AY), and 614.98 (A}) cm~!. Asshown in
Fig. 4(d), the maximal IR peak is at 579 cm~! with
an infrared intensity of 353.36 km/mole, which cor-
responds to oxygen stretching vibration too. Figure
5 shows that the uranium atom has a low frequency
component, while the oxygen atom has a high one.
It is clear from the computed vibrational frequencies

that the method gives a satisfactory description of the
equilibrium geometry.

4. Conclusions

The stable structures of UO, UO,y, UO3, and
U303 molecules are systematically investigated by
DFT-GGA calculations. The results show that the
bond lengths and harmonic vibration frequencies of
the ground states of UO, UOs, and UO3 molecules
are all in agreement with available experimental data.
In geometry optimization of UyOs, we test several
most possible initial structures with different spin
multiplicities (1, 3, 5, 7, 9, 11, 13, and 15). Our
calculations indicate that the ground state of the
U303 molecule is )~(7A’1 state as a trigonal bipyramid
with Dgp, symmetry (R;(U-0)=0.2113 nm, Ry(U;—
Us)=0.2921 nm, LU;0U,=87.5°, dihedral angle ©(U,
01, Oz, 03)=62.40°).

The charge population properties, spin densi-
ties and bond orders of UO, UQO,, UO3, and Uy03
molecules are discussed. The results demonstrate that
there appears in these molecules the charge transfer
from the uranium atom to the oxygen atom, and there
are hybrid orbitals mixing the 5f, 6d and 7s orbitals
of uranium with the 2p orbital of oxygen. The spin
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densities indicate that uranium atoms make positive
contributions to the total spin multiplicities for UQO,
UO3, and U035 molecules, while oxygen molecules al-
ways contribute to the negative spin. For the UOg3
molecule, the ground state is of holosymmetry, so the
spin density of UOg3 ground state is zero. The results
of Gophinatan—Jug bond order show that UO, UOa,
and UO3 molecules possess U=0 double bonds prop-
erties; U303 molecule possess U-O single bonds and
U-U single bond character.

The frequencies for UO, UO,, and UO3 are in
good agreement with available experimental data.
Our results suggest that there are 6 degenerate vibra-
tions in 9 vibrational degrees of freedom for the ground
state of the UyO3z molecule, whose frequencies are
computed to be 276.79 (EY), 310.77 (E}), and 579.15
(E}) em™!. The remaining three nondegenerated fre-
quencies are 178.46 (A7), 396.63 (AY), and 614.98
(A}) em™'. The maximal IR peak is at 579 cm™!
with an infrared intensity of 353.36 km/mole, which
corresponds to oxygen stretching.
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