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The structure and vibrational frequencies of the,Wlecule have been determined using multiconfigurational
wave functions (CASSCF/CASPT?2), together with a newly developed method to treatospincoupling.

The molecule has been found to have ap}bis), 3d,, Q = 2 ground state with a YO bond distance of

1.77 A. The computed antisymmetric stretchingrequency is 923 cmt with a 16/18 isotope ratio of 1.0525
which compares with the experimental values of 915 tend 1.0526, respectively. Calculations of the first
adiabatic ionization energy gave the value 6.17 eV, which is 0.7 eV larger than the currently accepted
experimental result. Reasons for this difference are suggested.

1. Introduction scribed, and we refer to this article for detdfig\ll calculations

i 3
The vibrational frequencies of the triatomics §)QO,*, and have been performed with the software MOLCASES.

UO,~ have recently been measured in solid neon and argon Three sets c_)f calculations have been performed. All used
matrixes using infrared spectroscopy, with laser ablation ANO-type basis sets for U and O. The U exponents were
techniques.In addition, the ionization energies of a number of Optimized using the DK Hamiltonian. The primitive set is
UO systems have been measured in the gas phase using electrof?s19p14d11i! A small basis set (BS1) used this basis set for
impact mass spectromethyAlso, theoretical studies utilizing U contracted to 9s8p7d5f, and this was combined with the
the density functional approach (DFT/B3LYP) have been ANO-L basis of the MOLCAS library for oxygen, contracted
performed. This information makes the uranium oxides good t0 4s3p2d. BS1 was used in the first and second set of
candidates for testing more advanced quantum chemical method§alculations with the small and large active space (see below).
for heavy-element compounds. We have recently reported The third set used the large active space and the larger basis
equilibrium geometries and vibrational frequencies for a number set (BS2), where two g-type functions were added to the U set
of U(V) and U(VI) triatomic molecules and their positive ions and one f-type function was added to the O set.
XUY (X = C, N, O). The computed frequencies were in  The ground state of Uhas been suggested to be (5f)(7s)
agreement with experiment provided that extended basis setSd, ! and not (5f%, as might have been intuitively expected by
were used. These calculations were performed using multi- considering some isoelectronic molecules such as, for example,
configurational (CAS) SCF theory with dynamic correlation NpO,*.1617|n light of this, we decided to use as an active space
effects added with second-order perturbation theory (CASPT2). the 5f and 7s orbitals (2 electrons in 8 orbitals, 2/8). This
Relativistic effective core potentials (ECP) were used, and no minimal active space gives rise to seven singlet and seven triplet
spin—orbit effects were included. ungerade states arising from the (5f)(7s) electronic configuration
Here we extend this study to the neutral Jd@olecule with  and 28 singlet and 21 triplet gerade states from the? (5f)
two open-shell electrons in the 5f and 7s orbitals. However, in configuration. State average calculations were performed for
the present study, we have performed all-electron calculations, 5| these states in the first set of calculations. Since the gerade

and spin-orbit coupling has been included. and ungerade states do not mix under the influence of-spin
. . orbit coupling, one spirtorbit Hamiltonian was constructed for
2. Method and Details of the Calculations the 91 gerade SO states and one for the 28 ungerade SO states.

The study was performed using the complete active space In our recent study of the U(V) and U(VI) systems XUY (X,
(CAS) SCF methot with dynamic correlation added using Y = C, N, O)3we found that it was important to include in the
multiconfigurational ~ second-order  perturbation theory active space the oxygen 2p orbitals and the corresponding UO
(CASPT2)> 7 Scalar relativistic effects were included using a antibonding orbitals of> and type. A second larger active
Douglas-Kroll (DK) Hamiltonian8° The effects of spirorbit space was therefore constructed, which comprised the six
(SO) coupling were introduced using a newly developed method oxygen 2p orbitals and the correspondingandz-type orbitals
based on the CASSCF State Interaction method (CAS8Y).  on U. They will be hybrid orbitals mixing 5f, 6d, and 7s. In
Here, the CASSCF wave function generated for a number of addition, we have included the four®find 58 orbitals. In
electronic states are allowed to mix under the influence of a total, this yields 14 electrons in 16 orbitals. CASSCF/CASPT2
spin—orbit Hamiltonian. The method has recently been de- calculations of this size are not yet possible. Therefore, the active
- . - — space was reduced to 14 electrons in 14 orbitals (14/14) by
:Si‘g&r‘fﬁsﬁg’;&”gi %ﬁ?g{é;g?“&;;‘f&%ﬁ?g‘;@éﬂ?o-'t- computing only the ground state with this active space. The

effect of spir-orbit coupling was taken into account using the

* Department of Theoretical Chemistry, Lund. ) . 4
8 University of Southampton. results obtained with the smaller active space.
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-0.6 — ; TABLE 1: Analysis of the Spin—Orbit Mixing in the Five
RN Lowest Electronic States of UQ (BS1 and 2/8 active spacé)
Q 2 3 1 2y 44
-062 energy (eV) 000 005 024 029 052
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Figure 1. Relative energies (in au) for the lowest electronic states of TABLE 2: Relative Energies, Bond Distances, and

UQO; as a function of the UO distance at the CASPT2 level of theory Symmetric Force Constants for the Lowest Electronic States
(28098 au have been added to the total energies). Solid lines, tripletjn the UO, Molecule (BS1, 2/8)

ungerade states; dotted lines, singlet ungerade states; dashed lines, triplet

aRelative energies in e\P.Symmetric force constandy.

gerade states; detlashed lines, singlet gerade states. Te bond distance force
method (eV) A (au)
-0.62 CASSCF 2, - 1.75 0.75
CASSCF2A, 0.10 1.78 1.00
CASSCF*Hy 0.03 1.86 1.28
CASPT23®, - 1.84 0.72
CASPT23A, 0.04 1.83 0.97
= CASPT2,%Hyq 0.75 1.88 0.88
kS SOQ=2), - 1.84 0.86
3 SOQ=3) 0.05 1.84 0.85
o SOQ=1), 0.24 1.83 0.83
ﬁ SO @=2), 0.29 1.83 0.83
£ SO @ = 4), 0.52 1.88 0.87
©
- obtained with the smaller basis set and active space. This shows
B how spin-orbit coupling mixes the different states, computed
\_// at an UO distance of 3.5 au. The ground state@®as 2, with
extra stabilization due to the interaction of th®, state with
072 ‘ . SAy and!A,. Only 0.05 eV above is th& = 3 state, which is
3.3 3.4 35 36 a mixture ofdd,, 3A,, andl®,, still dominated by théd, state.

UO Distance (au) The next state® = 1) is dominated byA,. The first gerade

Figure 2. Relative energies (in au) for the lowest electronic states of gtate #Hy, Q = 4) is found 0.52 eV above the lowest state. We

UQ; as a function of the UO distance at the CASPT2-SO level of theory ,5ta that the interaction Wil stabilizes the = 4 component

(ngt%?ss ggtpea:jv?int:asengzgad:ed ;?attr;i total energies). Solid lines, ungeradeand makes it the lowest gerade state. In perturbation theory, a

first-order spin-orbit term is responsible for th = 6 state
being the lowesf2 gerade state, while a second-order spin
orbit term is responsible for tHe = 4 state being the lowe -
gerade state. This second-order effect thus overrules the first-
order spin-orbit effect. Actually theQ2 = 6 state is found 1.2

eV above the first gerade state.

The table also gives the relative energies, bond distances,
calculations with the larger active space were, however, and symmetric force constants. The ungerade states have almost
performed using symmelnDay or Ca. The bending force (% SO | PO BIO0 E0F ICE SO i are iven
g:)undsiga:gt was not computed, and only linear geometries werein the Table 2. We notice here that the CASSCF bond lengths
are about 0.1 A too short. The CASPT?2 results for the ground
state for the bond length and force constant are 1.84 A and 0.72
au, which are modified to 1.84 A and 0.86 au by spimbit

Figure 1 shows the energies as a function of the UO distancecoupling. Thus, the bond length is not affected, but the force
at the CASPT2 level of theory (BS1, 2/8). The four lowest states constant is because the force constant foPthestate is larger
belong to the (5f)(7s) ungerade configuratidd,, 3A,, 1@, than that for the®, state.
and!A,. The first gerade state #14.Figure 2 shows the effect The vibrational frequencies are presented in Table 3, which
of spin—orbit coupling. The ungerade states are now strongly also gives the results obtained with the larger 14/14 active space
mixed resulting in two pairs of almost parallel potential curves. and basis set (BS2). Both these extensions modify the geometry
In Table 1, we present the results for the five lowest states, and the force field. As was seen in our earlier studlitbe, effect
corresponding t& = 2, 3, 1, 2, and 4. The results have been of extending the active space is to make the bond shorter and

A numerical grid was used to compute the geometry and force
constants. The molecule was assumed to awesymmetry,
but only inversion symmetry was used in the geometry
optimization in order to allow averaging over all states of a
given spin symmetry. Calculations of the asymmetric stretching
force constant were made without imposing symmetry. The

3. Results
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TABLE 3: Bond Distances and Vibrational Frequencies TABLE 4: Computed Adiabatic lonization Energy (in eV)
(Intensities within Parentheses) for the Ground State of the for UO, with Different Basis Sets and Active Spaces

U0, Molecule : method r(UOR A IE
method  r(UO)A 04(16) 0(16)  0,(18)  18/16 ratio Small Basis Set, 2/8, 1/7 Active Spaces

Small Basis Set, Small Active Space CASSCF 1.721 5.40
CASSCF 1.845 866 794(242) 754(218) 1.053 CASPT2 1.807 6.24
CASPT2 1.845 848  888) 841(") 1.054 CASPT2-SO 1.806 6.25
SO @ - 2) 1841 795 861,0 818(,) 1.053 Small Basis Set, 14/14, 13/13 Active Spaces
SO@=3) 1.841 796 8770 833(") 1.053 CASPT2 1788 6.24
SO@=1) 1.827 781 855 811(") 1.054 _ ) _ :
Small Basis Set, Large Active Space c ASPTé_ arge Basis Set, 14/141’ %3/113 Active Spaceg 17
CASPT2 1.831 833 893(1472) 848(1327) 1.054 ’ '
SO@=2) 1786 971 884 839(") 1.054 B3LYP-RECP on U, 6-311G(d,p) on O
Large Basis Set, Large Active Space 1.759 6.19
CASPT2 1.806 809 932(1485) 885(1339) 1.053 aBond distance in UQ'.
SO@=2) 1766 948 923 877(") 1.052
B3LYP—RECP on U, 6-311G(d,p) on O sample. Gibson obtains 5.5 eV in a similar experinénn a
1794 875 937(423) recent review paper by Hildenbraftielectron impact ionization
Exptt energies are compared with ionization energies determined by
- — 915(-)  869() 1.052 more precise methods (e.g., photoelectron spectroscopy), and
aFrom ref 1. it is concluded that an electron impact ionization energy is

expected to agree with the adiabatic ionization energy to within

stronger. Thus, the bond length decreases (CASPT2) by 0.018+0.01 eV. Thus, the above value for the first ionization energy
A. A further decrease of 0.025 A is obtained by extending the 0f UO2 might be reliable within the quoted error limits and
basis set. It is clear that precise determinations of the geometryShould be taken as the adiabatic value.

of these compounds can only be obtained by a careful In work reported in 1988, He(l) photoelectron spectroscopy
consideration of both basis sets and active spaces—8piit was used to measure the ionization energies, but insufficient
coupling also has a considerable effect on the bond length whenintensity was obtained for UQOn the low ionization energy
the larger active space is used. A decrease of 0.045 A is obtainedegion (5-10 eV)?2! Assignments were made with the aid of
with BS1, while a decrease of 0.040 A is obtained with BS2. Hartree-Fock—Slater (LCAOXa) calculations. A (5f) con-

The final bond length is 1.766 A. It is interesting to compare figuration was, however, assumed for the Jground state,

the CASPT2 bond length, 1.806 A, with our earlier results for which is different from the results obtained in later studies
UO2" and UQ* .3 The results were 1.705 and 1.773 A obtained (including the present).

with BS2 but without g-type functions on U, which were shown We have computed the first IE of YOThe calculations were

to have only a small effect. Thus, the addition of one 5f electron performed with both basis sets and with both active spaces. For
on going from the uranyl ion to U increases the bond length  UO,™, the smaller active space comprised the seven f-orbitals
by 0.07 A. The further addition of the 7s electron gives an with one active electron. The large active space added the six

additional increase of 0.03 A. O(2p) orbitals and the corresponding antibonding orbitals (13
Only the antisymmetric stretching frequeney(o,) of UO, electrons in 13 orbitals). The geometry of fQvas determined
can be compared to the experiment. The neon matrix valuein order to compute the adiabatic IE. DFT/B3LYP calculations

reported by Zhou et dlis 914.8 cn1? for %0 and 869.2 cmt were also performed. The results are presented in Table 4.

for 180, with a 16/18 ratio of 1.0526. The best present results  The ground state of Ug is 2d,, Q = 5/, with a computed
give 923, 877, and 1.0525 cr respectively. The matrix effect  bond distance of 1.721, 1.807,1.806 A at the CASSCF,
is estimated to be about 10 cfnln addition, the present results CASPT2, and CASPT2-SO levels, respectively. The CASPT2
correspond to harmonic frequencies. The anharmonic correctionvalue is slightly different from the value obtained in our earlier
can, however, be expected to be small forgheibration. Thus, work, 1.783 A, where ECP’s were used for the U atom. The
there is agreement between theory and experiment. We notecomputed IP’s are 5.4, 6.2, and 6.2 eV, respectively. We note
that the smaller basis set and active space underestimate théhat the effect of spirorbit coupling is small. This is explained
frequency. by the fact that the ionized electron resides in an orbital
The results of calculations using DFT (B3LYP with relativ- dominated by U(7s). Both the ion and the neutral molecule have
istic effective core potentials) are also reported in Table 3. The one 5% orbital occupied. No spiorbit coupling was included
results are in reasonable agreement with experiment andin the calculations with the large basis set. The value for the |IE
identical to the results obtained by Zhou et dlhe results are  is 6.2 eV independent of the method and basis set used. Also,
similar to the ab initio values. One should, however, be careful the B3LYP calculations give the same result, and this confirms
to conclude that the DFT approach can generally be used tothe value obtained by Zhou et ‘abf 6.27 eV. The difference
study this class of compounds. Our experience with other similar between this value and the experimental value, 5.4 eV, of 0.7
systems is much less optimistic. eV is surprisingly large. With the large active space and both
Not much experimental information is available for gaseous the small and large basis, we obtain a vertical IE of 6.3 eV.
UO,. In addition to the measurements of the antisymmetric  To investigate the difference between the experimental and
vibrational frequencies reported above, the ionization energiescomputed adiabatic IE, a number of checks were made. First
(IE) have also been measured. The first ionization energy of of all the UQ," 25, state, obtained on (73) ionization from
UO; has been determined by electron impact mass spectrometrythe UG, ground state, was considered, but this was found to lie
on at least two previous occasions. In 1974, Rauh and more than 1 eV above th&b, state. Second, the possibility
Ackermann determined a value of 540.1 eV18and in 1999, that UG could be bent in its ground state was investigated.
Capone et al.reproduced this result using a molecular beam However, bent U@" was found to be higher in energy than
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linear UG". We therefore concluded that there is no obvious for the second IE than DFT. However, all these computed values
reason our computed value of 6.2 eV for the first adiabatic IE are within the experimental range.
should be in error.

The photoelectron spectrum of uranium recorded with Hel 4- €onclusions

radiatior?! exhibits contributions from ionization of the ground We have presented results of calculations on the electronic
state as well as excited states populated at the high temperaturestructure and vibrational frequencies of the Jt@olecule. The
(ca. 2200 K) used for evaporation. The band intensities are alsoaim has been to use this molecule as a test of a newly developed
affected by autoionization processes. This is also likely to be method to include spirorbit coupling into multiconfigurational
the case for U@prepared by high-temperature evaporation and wave functiond? The method has been found to work well for
ionized by photon or electron impact in the energy regior-6.0  systems containing transition metals and main group elements,
20.0 eV. The calculations with the small active space and small but this is the first test for an actinide compound.
basis sets reveal that several excited states of different symmetry It is clear from the computed vibrational frequencies that the
lie in the 5.0-6.50 eV energy region. Among the gerade states, method gives a satisfactory description of the energy surface
two singlets and two triplets are found at ca. 5.6 eV, two triplets around the equilibrium geometry. The effect of spaorbit
at ca. 6.01 eV and two singlets at ca. 6.40 eV. If these are coupling is large for the symmetric stretching mode but less
positioned above the first ionization energy (ca. 6.2 eV), then significant for the measured antisymmetric stretch. The fre-
autoionization to the ionic ground state can occur. quency decreases by 10 cthon including spir-orbit inter-
Inspection of Table 2 shows that there &4 state of UQ action. The molecule has a ground state of ungerade symmetry
at 0.75 eV above the ground state at the CASPT2 level, which (¢ = 2), which is best described as the electronic configuration
corresponds to an excitation energy of 0.52 eV @ & 4, ¢ (5f¢)(7s) withDn symmetry and a bond length of 1.77 A.The
state, when SO coupling in included. The main electronic corresponding@ = 3) state is, however, located only 0.05 eV
configuration of the outermost orbitals for this state ig. 5f ?bove. Slp'ﬁorb't coupling mixes states of symmetig,, ‘@,
Clearly, the ground state of UO is obtained via a (7s} Ay, and*A,. The first gerade staty (Q = 4) is located 0.5
ionization from the ground state of YPand via a (5f)! eV above the ground state.

ionization from the H state. From tabulation of atomic photo- _ Calculations of the first ionization energy give a value of
ionization cross-sections of Yeh and Lind&uhe 7s:5f cross-  ©-2 €V, which is 0.7 eV above the generally accepted experi-

section ratio is expected to be ca. 1:6. Hence, although theMental value of 5.4 eV. Our results are very consistent, and
population of the excited H state is expected to be low at the they agree with the theoretical value previously determined by

evaporation temperatures used, its enhanced cross-section ma hou et ak of 6.27 eV. We thus have no Ob\./'Ol.JS reason to
give rise to extra signal below the true adiabatic ionization uspect that the compu_ted value of 6.2 .eV IS In error. It is
energy in the electron impact ionization efficiency curve. This suggested that th? po_s&_ble_reason for this difference is tha_t a
may be the reason the experimental value for the first ionization low value for the first ionization energy has been measured in

energy of UQ determined by electron impact mass spectrometry eIectron impact mass spe;ctrometnc experlmentg, which involve
is too low by ca. 0.7 eV. Also, we note that the excited state population of neutral excited states under the high-temperature

hasQ = 4 whereas the ground state fas= 2. The selection evaporation conditions u_sed to prepare Ai@the gas phase.
- - . . At least one of these excited states, 0.52 eV above the ground
rule AQ = 0, £1 would imply that the excited state is

metastable in nature with the transition to the ground state state, is long-lived, as the transition to the ground state is
formally forbidden 9 forbidden. Further experimental measurements will be required

y T ) ) to investigate this suggestion. Calculations of the second
As well as contributions from the low-lying excited states jonization energy give values in the region 14-02.36 eV,

below the first ionization energy to the electron-impact ioniza- \yhich is within the error limits of the experimental value (15.4
tion efficiency curve, there is also the possibility that excited 4 2 6 ev),

states above the first ionization energy, populated on electron

impact, would give rise to distortion of the ionization efficiency Acknowledgment. This work was partially supported by
curve. Hence, we present these as possible reasons why thevinistero dell’ Universitae della Ricerca Scientifica, (MURST),
electron impact ionization efficiency curve will be distorted and and the Swedish Natural Science Research council (NFR). The
the ionization energy obtained on extrapolation to zero signal authors thank Professor Lester Andrews (Virginia) for inspiring
could be in error. the project and useful discussions.
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