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As a model molecule of actinide chemistry, UO molecule plays an important role in understanding the electronic
structure and chemical bonding of actinide-containing species. We report a study of the laser-induced fluorescence spectra
of the U16O and U18O using two-dimensional spectroscopy. Several rotationally resolved excitation spectra were investi-
gated. Accurate molecular rotational constants and equilibrium internuclear distances were reported. Low-lying electronic
states information was extracted from high resolution dispersed fluorescence spectra and analyzed by the ligand field theory
model. The configuration of the ground state was determined as U2+(5f37s)O2−. The branching ratios, and the vibrational
harmonic and anharmonic parameters were also obtained. Radiative lifetimes were determined by recording the time-
resolved fluorescence spectroscopy. Transition dipole moments were calculated using the branching ratios and the radiative
lifetimes. These findings were elucidated by using quantum-chemical calculations, and the chemical bonding was also
analyzed. The findings presented in this work will enrich our understanding of actinide-containing molecules.

Keywords: laser-induced fluorescence, two-dimensional spectroscopy, density functional theory
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1. Introduction
Nuclear power can generate large amounts of energy with

low emissions to the atmosphere, making it an attractive al-
ternative to fossil fuels.[1–4] However, it also has some draw-
backs, such as long-term storage of nuclear waste and ame-
lioration of existing waste. Uranium monoxide (UO) is an
important component in nuclear energy, so the study of UO
has contributed to exploring not only the solution of nuclear
waste but bonding characteristics and electronic structure of
actinides. UO gas-phase molecule provides the most direct
experimental method to clarify the bonding properties, espe-
cially when combined with theoretical models. However, con-
sidering that the uranium element has an open f orbital, UO
has many low-energy electronic states and has a strong rela-
tivistic effect.[5–7] Coupled with the experimental dangerous
and expensive costs, as well as the complexity of theoretical
calculations, there are still huge challenges to the research on
UO both experimentally and theoretically. Laser-induced flu-
orescence (LIF) technology combined with density functional
theory (DFT) calculation[6,8–11] happens to be a powerful tech-
nology for studying the electronic vibration and spin-orbit[12]

of the target molecule.
The initial experimental report on UO spectroscopy was

infrared spectra[13,14] recorded in argon and neon matrices,
and the vibrational frequency was obtained. The first report
on the electronic spectrum[15–18] for gas-phase UO was per-

formed using two-color resonance-enhanced photoionization
experiments. Immediately, further analysis and identification
of the UO spectrum was completed by Kaledin et al.[19] The
spectral constants and good quantum number, Ω ′′, of the elec-
tron ground state were confirmed. The electric dipole mo-
ments, and magnetic g factors for UO were determined by
measuring optical Stark and Zeeman spectra,[20] respectively.
The electronic and vibrational structures of UO were investi-
gated using high-resolution photoelectron imaging. Further,
on the theoretical side, there are also discussions on the struc-
ture and spectroscopic properties of UO. However, the inaccu-
rate research results, especially the vibrational frequency, in-
dicate the need for careful investigation of the electronic struc-
ture and chemical bonding of UO.

In this article, the high resolution LIF spectra of U16O
and U18O in the range of 16000 cm−1–19000 cm−1, using
two-dimensional (2D) spectroscopy,[21–24] were recorded and
rotationally analyzed. Rotation-resolved spectroscopy demon-
strates that the ground state is clearly characterized as Ω ′′ = 4.
In addition to studying several electronic states previously
studied, this work also discovered a new electronic state lo-
cated at 18056.58 cm−1. By measuring the higher resolution
dispersed fluorescence (DF) spectra, accurate low-lying elec-
tronic vibrational states, vibrational frequencies, and fluores-
cence branching ratios can be procured. The transition dipole
moment can also be obtained by combining the fluorescence
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lifetime and branching ratios. Finally, the geometric config-
uration, bonding orbitals analysis, vibrational frequency, per-
manent dipole moment, and bond order were performed using
high-level ab initio calculations to provide a better understand-
ing of the electronic structure and chemical bonding of UO.

2. Experimental and computational methods
2.1. Experimental methods

Details of the experimental setup for recording laser-
induced fluorescence spectra have been described in our pre-
vious studies. An internally cold U16O and U18O molecular
beams were produced using laser ablation on a rotating ura-
nium rod in a supersonic expansion of 2% O2 gas mixture
seeded in helium and 1% 18O2 gas mixture seeded in helium at
a same stagnation pressure of∼ 2 MPa. After the UO molecu-
lar beams were excited by the pulsed dye laser, the fluores-
cence signals could be obtained using the two-dimensional
spectroscopic technique.[21–25] In brief, the 2D spectra were
built by scanning the wavelength of the pulsed dye laser and
capturing the dispersed laser-induced fluorescence (DLIF) by
a monochromator with a low f -number value. The final sig-
nal was visualized using a cooled, gated, intensified charge
coupling device (CCD). In this experiment, the ablation laser
(355 nm, ∼ 20 mJ/pulse, 20 Hz) was focused by a plane-
convex lens and then interacted with the molecular beam, a
pulsed dye laser using C503, C540A, and R590 dyes was
pumped by an Nd:YAG laser (355 nm, ∼ 50 mJ/pulse, 20 Hz)
to generate a continuously tunable wavelength region between
500 nm and 600 nm. Two digital delay pulse generators were
used to control the timing sequence of the pulsed nozzle, the
ablation and excitation lasers, and CCD.

In addition to recording 2D spectra, higher resolution dis-
persed fluorescence spectra and the lifetime measurements of
the excited states can also be obtained using this experimen-
tal setup. By selecting the wavelength of the pulsed excita-
tion laser and narrowing the entrance slit of the monochroma-
tor, higher resolution DF spectra were obtained. In general,
ten thousand laser pulses are required to obtain higher reso-
lution DLIF spectra. The relative sensitivity of the detector
ICCD and the wavelength of DLIF spectra were calibrated
by the blackbody radiation method and the emission of ar-
gon pen lamp, respectively. The time-resolved fluorescence
spectroscopy was measured by recording the DF spectra un-
der a gradually changing time delay of the CCD relative to the
pulsed dye laser. The radiation lifetimes[26–29] of the excited
states could be finally determined by fitting the time-resolved
fluorescence spectroscopy.

2.2. Computational methods

In this study, we used the DFT method to calculate the ge-
ometric configuration, vibrational frequency, bond order, and

permanent dipole moment of the ground state of UO.[30] In
order to better understand the chemical bonding characteris-
tics of UO, a detailed analysis was carried out from the per-
spectives of natural bond orbital (NBO) theory.[31–34] Accord-
ing to the previous DFT calculation experience, the general-
ized gradient approximation (GGA)[35] in conjunction with
the exchange-correlation functional PBE and the Slater’s-type
TZ2P basis set[36–40] can be used to obtain relatively accu-
rate calculation results. Under the premise of not affecting
the calculation accuracy, the frozen core approximation was
applied to the [1s2–5d10] for U and [1s2] for O to save compu-
tational time.[41] Considering the relativistic effect, zero-order
regular approximation (ZORA) and the exact two-component
(X2C) relativistic hamiltonian were adopted according to the
requirements of the calculation task. The accuracy of X2C is
slightly higher than that of ZORA, due to major advances in
the relativistic hamiltonian. Considering the amount of cal-
culation, we only use it for the calculation of orbital compo-
nents and permanent dipole moments. Among them, the scalar
relativistic-ZORA (SR-ZORA) method was used in geometry
optimization to deal with the scalar relativistic effect. Sub-
sequently, based on the geometric configuration optimized by
SR-ZORA, the molecular vibrational frequency was obtained
by calculating the infrared spectrum of the ground state. And,
the spin–orbit coupled ZORA (SO-ZORA) method was used
to consider the spin–orbit coupling effect. It is worth noting
that in order to obtain a more accurate electronic structure
when calculating the vibrational frequency, the frozen core ap-
proximation was abandoned. Finally, on the basis of the func-
tional and basis set unchanged, the frozen core approximation
was canceled, and the SR-ZORA and X2C relativistic effects
were considered to calculate the permanent dipole moments,
the orbital bonding, and bond order analysis of UO through
single-point energy calculations.

3. Results and discussion
3.1. Rotational analyses of the observed bands

In the experiment methods described in the preceding
text, the 2D spectra were obtained by simultaneously record-
ing the wavelength of the monochromator relative to the
laser excitation wavelength. Figure 1 presents the 2D spec-
trum obtained by scanning the excitation laser in the range
of 17500 cm−1–17700 cm−1. The horizontal axis displays
the wavenumber of the excitation laser, and the vertical axis
displays the wavelength of the dispersed fluorescence. The
excitation spectra shown at the top of the 2D spectrum are
generated by the vertical integration of a horizontal slice
(marked in red). From left to right: the bands of UO at
[17.521], [17.547], [17.614], and [17.654] are labeled as
[18.403]5/[18.404]5(v = 1)−X(1)4(v = 1), [18.430]5(v =

1)− X(1)4(v = 1), [17.614]5− X(1)4, and [17.654]5(v =
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1)−X(1)4, respectively. They are low-resolution LIF spec-
tra of UO obtained by recording the off-resonance emission.
The dispersed LIF spectrum displayed at the right hand side of
the 2D spectrum is generated by horizontally integrating the
vertical slices (marked in green). This is the low-resolution
DLIF spectrum of the band near 17614 cm−1. Figure 2
presents another 2D spectrum in the range of 18020 cm−1–
18220 cm−1. The excitation spectra are presented at the top
of the 2D spectrum. From left to right: the bands of UO at
[18.056], [18.110], and [18.136] are labeled as [18.056]3−
X(1)4, [18.403]5/[18.404]5(v = 1)− (2)4, and [18.430]5(v =
1)− (2)4, respectively. The dispersed LIF spectrum shown
at the right hand side of the 2D spectrum is the band near
18056 cm−1.
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Fig. 1. The 2D spectrum of UO in the range from 17500 cm−1 to
17700 cm−1.

18140 18180 1822018020 18060 18100

60

40

20

0

-20

[18.136]
[18.056]

[18.110]

D
is

p
e
rs

e
d
 f
lu

o
re

sc
e
n
c
e
 (
D

n
m

)

Laser wavenumber (cm-1)

Fig. 2. The 2D spectrum of UO in the range from 18020 cm−1 to
18220 cm−1.

The experimental laser excitation spectrum band near
17614 cm−1 displayed in the upper panel of Fig. 3, which is
labeled as [17.614]5−X(1)4, was selected for rotational anal-
ysis. The simulated spectrum, displayed in the lower panel
of Fig. 3, was fitted by using the PGOPHER program. The
good resolution of P(J) and R(J) branches allows us to assign
all transitions. The simulation was completed under the condi-
tions of a rotation temperature of 40 K, a Gaussian linewidth of
0.2 cm−1, and the assumption that the upper and lower states
were Hund’s case (c) angular momentum coupling. The fitting

was performed using the following simplified equation:

ν = ν0 +
[
B′J′(J′+1)−B′′J′′(J′′+1)

]
−
[
D′J′(J′+1)−D′′J′′(J′′+1)

]
, (1)

where ν0 is the band origin, B is the rotational constant, and
D is the centrifugal distortion constant. Through the identifi-
cation, we can see that for the stronger R(J) branch, the mini-
mum J value is 4; for the weaker P(J) branch, the minimum J
value is 6. Based on these characteristics, this band is identi-
fied as [17.614]5−X(1)4. This assignment supports evidence
of the previous research by Kaledin et al.[19] The only differ-
ence is that they obtained the spectrum at high temperature,
while we are at low temperature, so their rotational population
is higher than our experimental results. In addition, the rota-
tional constant of 0.33611 cm−1 for the ground state through
fitting is also in accord with their measurement. The quanti-
tative molecular parameters were obtained from the fitting are
listed in Table 1. Strangely, we can see that the location of the
P branch fits better, but the intensity deviation is large from
Fig. 3. This phenomenon also occurs in uranium-containing
compounds that we have previously studied. The main reason
for the intensity difference is that we choose the main compo-
nent to fit in PGOPHER fitting. However, the molecular con-
figuration and bonding relationship of UO molecule are more
complicated due to the open f and d orbitals.
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Fig. 3. Rotationally resolved spectrum of the [17.614]5−X(1)4 band of UO.
The upper trace is the experimental spectrum, and the lower trace is the sim-
ulated spectrum.

The high-resolution rotational spectra of the isotopomer
U18O were also studied in our experiment. The isotopomer
U18O band at 17632 cm−1, which is similar to the U16O band
at 17614 cm−1 ([17.614]5−X(1)4 transition), was shown in
Fig. 4. It can be seen that the R branch is stronger than the
P branch, which conforms to the transition characteristic of
∆Ω = 1. Consistent with the above identification method, the
upper state of the 17632 cm−1 state was marked as Ω ′ = 5,
and the lower state was marked as Ω ′′ = 4. The molecu-
lar rotational constant of the ground state is determined to
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be 0.29403 cm−1, it is in good agreement with the value de-
termined by Kaledin et al.[19,42] The determined molecular
constants for U18O bands are shown in Table 1. The U16O
band at 17614 cm−1 is the strongest band in the region of
17500 cm−1–17700 cm−1. For the isotopomer U18O spec-
trum, there are only two stronger bands in this region, namely
the U18O band at 17632 cm−1 and 17567 cm−1. The sharp
Q(J) branches of those two bands and the similar rotational
constants for upper and lower states imply that the 0–0 bands
dominate the spectra. From the shape of the spectrum, the
U18O band at 17632 cm−1 was determined to be an isotopic
companion of the U16O band at 17614 cm−1. In the absence
of perturbation, the isotope shift between similar potential en-
ergy curves is very small. The large isotope shift means that
there may be perturbations in the electronic state, leading to
more significant changes in the UO energy level. The absence
of strong vibrational progressions also supports this view in
Kaledin’s research.[19] The perturbation may come from the

interaction of the dark state and the bright state.
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Fig. 4. Rotationally resolved spectrum of the [17.632]5−X(1)4 band of
U18O. The upper trace is the experimental spectrum, and the lower trace is
the simulated spectrum.

Table 1. Equilibrium molecular parameters of U16O and U18O for selected Ω states.

Molecule State
PGOPHER Combination differences

B0 (cm−1) Re (Å) B0 (cm−1) Re (Å)

U16O

X(1)4 0.33611 1.82870 0.33574 1.82971
(1)4(v = 1) 0.33211 1.83968 0.33095 1.84290
(2)4(v = 0) 0.34657 1.80089 0.34653 1.80100

[17.614]5(v = 0) 0.33439 1.83340 0.33367 1.83537
[17.653]5(v = 1) 0.33548 1.83042 0.33292 1.83744
[18.056]3(v) 0.32999 1.84558 0.32990 1.84583
[18.403]5(v) 0.33070 1.84360 0.33064 1.84376

[18.404]5(v = 1) 0.33822 1.82299 0.33885 1.82129
[18.430]5(v = 1) 0.33235 1.83902 0.33264 1.83821

U18O

X(1)4 0.29909 1.83497 0.29959 1.83344
[17.567]5 0.29750 1.83987 0.29753 1.83977
[17.632]5 0.29803 1.83823 0.29947 1.83381

Note: the errors obtained by PGOPHER and combination differences are 2% and 3%, respectively.

In the two spectral ranges of 17500 cm−1–17700 cm−1

and 18020 cm−1–18220 cm−1, in addition to several tran-
sitions described above, there are several transitions of
[18.403]5(v)/[18.404]5(v = 1)-X(1)4(v = 1)/(2)4(v = 0),
[18.430]5(v = 1)-X(1)4(v = 1)/(2)4(v = 0). The rotational
constants obtained by fitting these bands are also listed in Ta-
ble 1. It can be seen from the spectral shape that the Q branch
of the corresponding spectrum in the lower state of X(1)4(v =
1) is narrower than that in the state of (2)4(v = 0). This is be-
cause the equilibrium internuclear distances of the upper and
lower states of the former spectrum are consistent while that
of the latter are different, which also indicates that the config-
urations of X(1)4(v = 1) and (2)4(v = 0) states are inconsis-
tent. We will analyze below that these two states are derived
from different electronic configurations. Compared to previ-
ous studies, a new U16O band located at 18056.58 cm−1 was
also discovered. Through the analysis of the high-resolution

rotational spectrum, it is found that the P(J) branch of the
spectrum is extremely strong, while the R(J) branch is very
weak, which is in line with the transition characteristics of
∆Ω = −1. Through spectral fitting, we attribute this band to
the transition of [18.056]3−X(1)4, and the rotational constant
of the [18.056]3 state is 0.32999 cm−1.

Considering that there may be perturbations in the upper
states, we use the combined differences method to obtain the
rotational constants. This method can effectively eliminate the
perturbation influence from the upper states. The differences
between the low J lines can be directly obtained by the experi-
mental spectrum. Then the ground state rotational constant B′′

can be determined by

R(J−1)−Q(J) = 2JB′′, (2)

R(J−1)−P(J+1) = (4J+2)B′′, (3)

Q(J)−P(J+1) = (2J+2)B′′. (4)

053301-4
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The ground state rotational constant obtained using this
method is 0.33574 cm−1, which seems to be consistent with
the value obtained by fitting the experimental spectrum. The
band origin ν0 and the upper state rotational constant B′ also
can be calculated using this method. The rotational con-
stants of the [17.614]5 and [18.056]3 states of U16O and the
[17.632]5 state of U18O are 0.33367 cm−1, 0.32990 cm−1,
and 0.29947 cm−1, respectively. The rotational constants
of the above three states are obtained by spectral fitting as
0.33439 cm−1, 0.32999 cm−1, and 0.29403 cm−1, respec-
tively. The rotational constants obtained from both approaches
are well matched and listed in Table 1. We speculate that the
perturbation has little effect on the molecular constants of the
upper state.

Table 2. Calculated natural bond orbital compositions of U16O and U18O
based on ADF/PBE/TZ2P calculations.

Molecule Composition U % 7s U % 6d U % 5f U % 7p O % 2s O % 2p

U16O
U–16O π 7.07 5.67 87.13
U–16O π 0.05 8.38 6.76 0.14 4.01 80.47
U–16O σ 0.11 10.06 8.17 0.32 8.86 72.27

U18O
U–18O π 7.18 5.56 0.29 86.82
U–18O π 0.01 7.42 5.91 0.03 0.92 85.56
U–18O σ 0.13 10.88 8.97 0.04 11.7 67.68

To better understand the chemical bonding and electronic
structures of UO, high level ab initio calculations on the
ground state for U16O and U18O were performed. The cal-
culated equilibrium bond lengths of ground states for U16O
and U18O, based on ADF/PBE/TZ2P, are both 1.847 Å, which
is consistent with the calculated results by Zhou et al.[43] In
the experiment, we also obtained the equilibrium bond lengths
through the rotational constants, which are also identical with
the calculated values. The calculated natural bond orbital com-
positions of U16O and U18O based on ADF/PBE/TZ2P are
shown in Table 2. The results indicate there are one σ bond
and two π bonds in the UO molecule. It can be seen from Ta-
ble 2 that most of the constituents of the bonding molecular
orbitals are derived from the O-2p atomic orbital, and the con-
tribution from the O-2p atomic orbital in the π-bonded molec-
ular orbital is as high as 87%, so the effective bond orders of
UO should not reach 3. Through the calculation of the bond
order, the accuracy of the above-mentioned orbital bonding
analysis can be verified. For U16O, the calculated Mayer and
the G–J bond orders are both near 2. The calculated G–J and
Mayer bond orders are 2.400 and 2.122, respectively, which
are consistent with the value of 2.37 calculated by Li et al.[30]

Generally, the bond order of U16O should be equal, or approx-
imately equal, to the bond order of U18O. For U18O, the calcu-
lated G–J and Mayer bond orders are 2.397 and 2.120, respec-
tively. Moreover, the agreement of the bond-order calculation
results also indicates that the bond length of the ground state
of U16O is basically the same as that of U18O. The results are

in keeping with previous experimental studies,[41] in which the
ground state equilibrium bond lengths of U16O and U18O are
almost identical. According to the calculated results of the nat-
ural bond orbital theory and the bond order, it is shown that the
UO molecular bond has the characteristics of multiple bonds.

3.2. Low-lying electronic states

To better study the low-lying electronic states, the
[18.056]3−X(1)4 band with abundant fluorescence informa-
tion was analyzed. Figure 5 shows the high-resolution dis-
persed fluorescence spectrum obtained by exciting the Q-head
in the [18.056]3−X(1)4 band. The wavelength and inten-
sity of the DF spectrum were calibrated by argon pen lamp
and black body radiation, respectively. The associated energy
levels relative to ground state zero-point levels are presented
and the observed dispersed fluorescence features are assigned.
Using the ligand field theory (LFT) model, several low-lying
electronic vibrational energy levels can be well identified. The
energy of the vibration terms of the low-lying electronic states,
listed in Table 3, is extracted from the high-resolution dis-
persed fluorescence spectrum. In order to facilitate the com-
parison, the previous results are also listed. The vibrational
harmonic and anharmonic parameters ωe and ωexe, were ob-
tained by fitting the simple harmonic oscillator equation

Gv′′ = ω
′′
e (v
′′+1/2)−ωex′′e (v

′′+1/2)2, (5)

the harmonic vibrational frequency ωe = 845.4 cm−1 and the
anharmonicity constant ωexe = 2.5 cm−1 of U16O were de-
termined using the method of least squares. The determined
values are consistent with the values of ωe = 846.5 cm−1 and
ωexe = 2.3 cm−1 measured by Kaledin et al.[19]

Table 3. Constants for the low-lying states of U16O and U18O (in unit
cm−1).

State UO, this work UO, expHeaven U18O, this work

X(1)4 (v = 0) 0 0 0
X(1)4 (v = 1) 880 882 837
X(1)4 (v = 2) 1733 1734 1655
X(1)4 (v = 3) 2567 2569
(2)4 (v = 0) 294 294 290
(2)4 (v = 1) 1186 1184 1129
(1)3 (v = 0) 651 651
(1)3 (v = 1) 1493
(1)2 (v = 0) 961 959
(1)2 (v = 1) 1801
(1)5 (v = 0) 1046 1043
(1)5 (v = 1) 1894 1885
(1)5 (v = 2) 2720
(3)4 (v = 0) 1578 1574
(3)3 (v = 0) 1937 1941

The LFT model predicts that the states derived from the
same electronic configuration will have similar vibrational fre-
quencies and rotational constants. Previous studies demon-
strated that there are two configurations (U2+(5f37s)O2− and
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U2+(5f27s2)O2−) in the low-lying states of UO. The ro-
tational constant of ground state X(1)4 state for U16O is
0.33611 cm−1, and the rotational constant of the X(2)4 state is
0.34657 cm−1. The electrons on the 5f and 7s orbitals have
different shielding effects, the state in the 5f37s configura-
tion has lower vibrational frequencies and smaller rotational
constants than the state in the 5f27s2 configuration. As a re-
sult, the X(1)4 and X(2)4 states are derived from the con-

figuration U2+(5f37s)O2− and configuration U2+(5f27s2)O2−,
respectively. The above analysis has determined that the
harmonic vibrational frequency of the ground state X(1)4 is
845.4 cm−1. However, for the X(2)4 state, only the vibra-
tional energy level v = 0, 1 was observed, so the vibrational
frequency and anharmonicity constant of this state cannot be
determined. Therefore, the electronic configuration cannot be
distinguished based on the vibrational frequency.
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Fig. 5. The dispersed fluorescence spectrum obtained by exciting the Q-branch of the [18.056]3−X(1)4 (Tv = 18056 cm−1) band of UO and the
corresponding assignment.

It is known that the rotational constants of U16O and
U18O are 0.33611 cm−1 and 0.29909 cm−1, respectively, and
then the equilibrium internuclear distance can be determined.
The results show that the equilibrium internuclear distance
is nearly equal. The calculated vibrational frequencies of
U16O and U18O based on ADF/PBE/TZ2P are 850 cm−1 and
804 cm−1, respectively. The calculated vibrational frequency
values agree well with the estimated values by the reduced
mass and the experimental data. Unfortunately, the experi-
mental spectrum of U18O contains strong interference from
U16O signal, and we have not been able to complete the analy-
sis of the low-lying electronic states of U18O. According to the
above analysis, for U18O, its ground state configuration should
be U2+(5f37s)O2−, which is the same as U16O, because it has
almost the same equilibrium internuclear distance.

The charge population and spin density analysis of the
ground state for UO was carried out based on ADF/PBE/
TZ2P, and the analysis results were shown in Table 4. The
charge population results indicate that the uranium atom al-
ways loses electrons and becomes an electron donor, and the
oxygen atom always gains electrons and becomes an electron
acceptor. This characteristic can also be confirmed by elec-
tronegativity. The electronegativity of oxygen atom is 3.44,
which is much greater than that of uranium atom, which is
1.70. Therefore, oxygen atom can easily obtain electrons from
uranium atom. The charge population results indicate that
there are hybrid orbitals mixing 5f, 6d, and 7s orbitals of ura-
nium with the 2p orbital of oxygen in UO molecule. Obvi-
ous orbital hybridization and orbital mixing calculation results

demonstrate that the bonding strength of U–O bond is quite
strong. Furthermore, the spin density results indicate that the
uranium atom has a positive contribution to the total spin mul-
tiplicities of UO, while the oxygen atom has a negative contri-
bution.

Table 4. Population properties for U16O and U18O molecules.

Molecule Atom Charge Spin density

U16O
U 0.6693 4.1149
O −0.6693 −0.1149

U18O
U 0.6697 4.1161
O −0.6697 −0.1161

3.3. Radiative lifetimes and transition dipole moments

The experimentally determined radiative lifetime, τiv′ , for
the [18.056]3 state is 266(11) ns which was determined by fit-
ting the time-resolved fluorescence spectrum to a single expo-
nential function. Combined with the branching ratios obtained
by the DF spectrum, the magnitude of the vibrational transition
dipole moments can be calculated by

Aiv′, f v′′ = 3.136×10−7 ∣∣µiv′, f v′′
∣∣2 ν

3
iv′, f v′′ = biv′, f v′′τ

−1
iv′ , (6)

where Aiv′, f v′′ is the Einstein spontaneous emission coeffi-
cient, µiv′, f v′′ is the vibronic transition dipole moment, and
biv′, f v′′ is the fluorescence branching ratio. The fluorescence
branch ratios can be obtained by calibrating the intensity of
DF spectrum in Fig. 5 and integrating the peak area, and then
combining the experimentally measured radiation lifetimes
to calculate the vibronic transition dipole moments µiv′, f v′′ .
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Table 5. The transition wavenumbers (in unit cm−1), energies (in unit cm−1), branching ratios (%), and vibrational transition dipole moments (in
unit D) of the dispersed fluorescence spectra obtained by exciting the Q-branch of the [18.056]3−X(1)4 transition of UO.

Band
Excited state: [18.056]3

Assignment Transa Energya BRb Tdb

A [18.056]3→ X(1)4 (v = 0) 18056 0 12.08 0.50
B [18.056]3→ X(1)4 (v = 1) 17716 880 0.97 0.14
C [18.056]3→ (2)4 (v = 0) 17762 294 5.43 0.34
D [18.056]3→ (2)4 (v = 1) 16870 1186 7.15 0.42
E [18.056]3→ (1)3 (v = 0) 17405 651 25.13 0.76
F [18.056]3→ (1)3 (v = 1) 16563 1493 1.76 0.22
G [18.056]3→ (1)2 (v = 0) 17095 961 3.00 0.27
H [18.056]3→ (1)2 (v = 1) 16255 1801 6.32 0.42
I [18.056]3→ (1)5 (v = 0) 17010 1046 8.39 0.45
J [18.056]3→ (1)5 (v = 1) 16162 1894 1.12 0.18
K [18.056]3→ (3)4 (v = 0) 16478 1578 27.82 0.86
L [18.056]3→ (3)3 (v = 0) 16119 1937 0.83 0.15

aThe estimated uncertainty of the transition wavenumbers and the energy of the lower state is ±10 cm−1.
bThe errors of branching ratios and transition dipole moments are ±5%.

According to the DF spectrum calibrated by intensity and
wavelength, the observed transition wavenumbers, corre-
sponding energies, fluorescence branch ratios, and the vi-
bronic transition dipole moments µiv′, f v′′ of the [18.056]3
state are shown in Table 5. In addition, the calculated per-
manent electric dipole moments of U16O and U18O at the
ADF/PBE/TZ2P level are 3.365 D and 3.363 D, respectively.
These findings support the result that the obtained U16O per-
manent electric dipole moment value was 3.363 D using Zee-
man spectroscopy experiments by Heaven et al.[44]

4. Conclusion and perspectives
In conclusion, we have obtained the 2D (excitation and

dispersed fluorescence) spectra of U16O and U18O and ex-
plained it using quantum-chemistry calculation. The ro-
tational constants, equilibrium internuclear distances, elec-
tron configurations, and vibrational frequencies of the ground
state of U16O have been investigated. Laser-induced dis-
persed fluorescence spectra of the [17.614]5−X(1)4 for U16O,
[17.632]5−X(1)4 for U18O bands were studied. Many low-
lying excited states have been characterized by the LFT model.
Radiative lifetimes and branching ratios were measured and
used to calculate the transition dipole moments. High-level
ab initio calculations explained the experimental spectra well,
natural orbital analysis and bond order calculations promote
a comprehensive understanding of the electronic structure and
chemical bonding of UO. Our research provides accurate ge-
ometric structure and electronic structure information, which
will provide benchmark support for the subsequent actinide
chemical calculations.
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