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Electronic spectrum of UO§+ and [UO,Cl,]?- calculated with time-dependent
density functional theory
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Erik van Lenthe and Evert Jan Baerends
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The electronic spectra of UO%Jr and [UO,Cl,]*" are calculated with a recently proposed relativistic
time-dependent density functional theory method based on the two-component zeroth-order regular
approximation for the inclusion of spin-orbit coupling and a noncollinear exchange-correlation
functional. All excitations out of the bonding ¢ orbital into the nonbonding &, or ¢, orbitals for
UO%Jr and the corresponding excitations for [UO,Cl,]*~ are considered. Scalar relativistic vertical
excitation energies are compared to values from previous calculations with the CASPT2 method.
Two-component adiabatic excitation energies, U-O equilibrium distances, and symmetric stretching
frequencies are compared to CASPT2 and combined configuration-interaction and spin-orbit
coupling results, as well as to experimental data. The composition of the excited states in terms of
the spin-orbit free states is analyzed. The results point to a significant effect of the chlorine ligands
on the electronic spectrum, thereby confirming the CASPT?2 results: The excitation energies are

shifted and a different luminescent state is found. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2735297]

I. INTRODUCTION

Mainly because of the relatively low computational cost,
time-dependent density functional theory'” (TDDFT) has
nowadays become one of the most popular methods for the
calculation of electronic spectra. For systems containing
heavy elements, relativistic effects play an important role in
the electronic structure.® Until recently, only scalar relativis-
tic effects could be taken into account in TDDFT calcula-
tions, while spin-orbit coupling (SOC) effects were ne-
glected. Exceptions are the work of Toffoli ez al.* on mercury
and Gao ef al.” on rare gas and Group XII atoms. Recently,
Wang et al.® proposed a relativistic TDDFT formalism that
makes use of the two-component zeroth-order regular
approximationL11 (ZORA) and the noncollinear exchange-
correlation (XC) potential.">™"* Compared to other TDDFT
formalisms that can also deal with SOC,4’5 this formalism
has a correct nonrelativistic limit and recovers the threefold
degeneracy of triplet excitations for closed-shell systems.
This two-component relativistic TDDFT formalism has been
implemented in the Amsterdam density functional (ADF)
program,lsf17 with full use of double group symmetry. Ap-
plications to the excitation energies of some closed-shell at-
oms, ions, diatomic molecules, as well as transition metal
complexes containing heavy elements have shown promising
results, with an error comparable to nonrelativistic TDDFT
calculations on light elements.>'®

In the present work, the two-component relativistic TD-
DFT formalism proposed by Wang et al.® has been used to
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calculate the electronic spectrum of UO3* and [UO,Cl,J*".
For the first time, an application of relativistic TDDFT on
compounds containing an element heavier than a transition
metal is reported. The electronic spectrum of uranyl and its
complexes has fascinated scientists already for ages. Uranyl
is by far the most well known of all actinyl ions and its
absorption and luminescence spectrum have extensively
been studied experimentally. The typical spectral structure of
uranyl complexes between 20 000 and 30 000 cm™' origi-
nates from transitions out of the highest-lying bonding o
orbitals, with strongly mixed uranium and oxygen character,
into the lowest nonbonding &, or ¢, orbitals, both almost
pure U5f. The high energy of the o) orbital relative to the
other three bonding combinations of ,, 0;, and T, symme-
tries has been explainedlg*23 by a “pushing from below”
mechanism involving the pseudocore U6p, orbital, i.e., a
destabilization of o] as the result of antibonding admixture
of U6p into the otherwise bonding U5f/O2p combination.
Detailed spectroscopic studies have been reported by
Denning and co-workers on crystalline CsUO,Cl; and
CsUO,(NO3);.2** Electronic spectra of uranyl with a mani-
fold of different ligands, mainly in solution, have been stud-
ied by Gorller-Walrand and Vanquickenborne.26’27 The ex-
perimental data indicate that the energy of the low-lying
excited states is relatively independent of the nature of

the equatorial ligands. The first detailed ab initio
calculations®™?  were performed using a combined
configuration-interaction (CI) and spin-orbit coupling

method, denoted as SOC-CI. A comparison of the calculated
spectra of free, uncomplexed uranyl ion with the complex
[UO,Cl,]*>~ showed only a small shift of the excitation ener-
gies (at most 2000 cm™!) and no change in the character of

© 2007 American Institute of Physics
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the low-lying excited states. From this it was concluded that
the spectrum is not only independent of the type of equato-
rial ligands but even of the mere presence of an equatorial
ligand field. However, a different conclusion was drawn from
more recent calculations™ performed with the CASPT2
method (second-order perturbation theory based on a
complete-active-space reference wave function) on UO%+
and [UO,Cl,]>". These calculations indicated a considerable
blueshift (by 1500—4300 cm™') of the energies by the pres-
ence of the chlorine ligands. Furthermore, a change in the
character of the luminescent state between both molecules
was found, from A, (predominantly o7, — ¢,) in UO5" to II,
(predominantly o — §,) in [UO,Cl,]*". The accuracy of the
latter method was proven by the very close correspondence
between the CASPT2 excitation energies and the available
experimental data for [UO,Cl,]*".

In this work, both vertical and adiabatic excitation ener-
gies are reported for UO3* and [UO,C1,]*", calculated with
TDDFT, both without and with inclusion of SOC. The per-
formance of different functionals is compared. U-O equilib-
rium distances and symmetric stretching frequencies have
been calculated with SOC and compared to experiment and
to previous computational results. For UO§+, all excitations
out of the bonding o, orbitals into the nonbonding &, or ¢,
orbitals have been analyzed in detail. For [UO,Cl,]*", these
correspond to transitions out of a,, into by,, b,,, and e,.

Il. COMPUTATIONAL DETAILS

All excitation energies were calculated with the time-
dependent density functional theory as implemented in the
ADF program package.lS’16 For the XC potential, several
functionals were used: LDA,31 BP86,32’33 LB94,34 and
SAOP* The latter two functionals were especially designed
for the calculation of response properties. For the exchange-
correlation kernel the adiabatic local-density approximation
has been used throughout.

In calculations containing heavy elements, such as ura-
nium, relativistic effects play an important role. Scalar rela-
tivistic effects were included via the ZORA formalism.”™""
These results will be referred to as spin-orbit free or SOF. A
two-component ZORA TDDFT formalism was used for the
inclusion of SOC effects. The usual linear response approach
of TDDEFT is followed, where now the Hamiltonian includes
the spin-orbit coupling terms. It is a special feature of our
implementation that the noncollinear approach is followed in
the calculation of the exchange-correlation functionals. This
also has the effect that a correct nonrelativistic limit is ob-
tained, in the sense that, for closed-shell ground state sys-
tems, it recovers the correct threefold degeneracy of excita-
tions to triplet states. More details of this method can be
found in Ref. 6. The SOF fragment used in the calculation
with SOC was obtained with the PW91 functional.”® All cal-
culations were performed using QZ4Pae basis sets
(quadruple-{ all electron basis sets with four polarization
functions) of Slater-type orbitals, optimized for the use in the
ZORA equation.37 The ADF numerical integration parameter
was set to 6.0 in all calculations. The full symmetry of the
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TABLE I. Resolution of the relevant symmetry species of D.;, into the
species of Dy,

D.,, Dy,
+
opt ajg
+
g, Aoy
g e
7Tll ell
S, big+bs,
u b ut b2u
b, e
¢ll eu
Ye ajgta,
Yu ayptay,

compounds was used, i.e., D., for UO§+ and Dy, for
[UO,Cl,]*.

In the calculations for UO§+ all possible single excita-
tions out of the highest occupied bonding orbital ¢} into the
nonbonding orbitals §, and ¢, were considered, giving rise
to the SOF excited states 3Ag, 3¢>g, 1<I>g, and lAg. For
U02CIZ_, this corresponds to excitations out of a,, into by,
b,,, and e,, resulting in 331g» 3Bzg, 3Eg, lEg, 1Blg, and 1323‘
The correlation between the symmetry types in D.,, and in
Dy, can be found in Table I. Note that the complexes are
oriented such that the z axis coincides with the uranyl axis
and, for UOZCIZ_, the chloride ions are located between the x
and y axes. Also note that for UO%+ we have chosen to main-
tain the D.;, single-group notation (3,I1,A,...) also after
including SOC, instead of switching to the alternative
double-group () notation. Although the latter notation has
become more popular among quantum chemists®™®* the
former notation is used most frequently in experimental
work,”* and was also used by us in our previous work. ™’

In order to allow a direct comparison to the available
CASPT2 results,” the same geometry was used for the cal-
culation of the vertical spectra. The distance between the
central uranium and the oxygen atom is 1.708 A in UO3*
and 1.783 A in UO,CI;™. The distance between the uranium
atom and the chlorine ligands in UOZCLZ[ is 2712 A. To
obtain the optimal U-O bond lengths [R,(U-0)], adiabatic
excitation energies (7T,), and symmetric harmonic U-O
stretching frequencies (w,) for each state, calculations were
performed at U-O distances ranging from 1.650 to 1.850 A
for UO3" and from 1.700 to 1.900 A for [UO,Cl,]*", with
intervals of 0.01 A. Excited state energies were obtained by
adding SAOP excitation energies to BP86 ground state ener-
gies. The desired properties were obtained from a quadratic
fit of these energies versus the U-O bond length.

lll. RESULTS AND DISCUSSION
A. Results without spin-orbit coupling

Vertical excitation energies calculated with TDDFT are
presented in Table II for UO3" and in Table I for
[UO,Cl,]*>". Energies obtained from previous CASTP2 cal-
culations are given for Comparison.30 The absolute excitation
energies strongly depend on the applied functional. Similar
results are obtained with LDA and BP86. However, as com-

Downloaded 02 Apr 2011 to 130.37.129.78. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



194311-3 Spectrum of UO2* and [UO,Cl,J?~

TABLE II. SOF vertical excitation energies of UO3" calculated with TD-
DFT and different functionals and with CASPT2.

D, LDA BP86 LBY%4 SAOP CASPT2*
3(I>g 15582 15 440 10773 24 147 22922
3Ag 18 480 18 735 13927 25 884 22476
1<I>g 19132 19 008 14 412 27 675 27 194
A 24 148 24 352 19 409 31698 30 308

“Reference 30.

pared to CASPT2, these results are far too low. Such large
deviations are conform with previous TDDFT studies on
metal complexes, where the common functionals gave unsat-
isfying results as well. Generally, the results can be greatly
improved by the use of so-called shape-corrected potentials
or model potentials, such as LB94 and the more recent
SAOP. However, in this case the energies computed with the
LB94 functional are even worse than with LDA or BP86.
Clearly, this functional cannot be trusted for excited state
calculations on uranyl and uranyl complexes. For both mol-
ecules, the energies obtained with the SAOP functional most
closely agree with the CASPT2 results. For UO2*, all SAOP
energies are higher than the CASPT2 values, with differ-
ences ranging between 481 cm™! for '®_ and 3408 cm™! for
A o+ On the other hand, For [UO,C1,]*~, all SAOP excitation
energies are lower than the CASPT2 energies. Apart from the
two lowest excited states B, ¢ and 3B2g, the differences be-
tween SAOP and CASPT2 are also considerably larger for
[UO,C1,]*" than for UO3*. This is particularly true for the
three singlet states, with a maximum deviation of 6136 cm™!
for the ]Bzg state.

An important difference between the CASPT2 and DFT
results concerns the splitting between the triplet and singlet
state belonging to the same configuration. With CASPT2,
these splittings are similar for both molecules,
3400-4200 cm™  for the *'® (07 —¢,) states and
7800-7900 cm™' for the *'A (0' H&) states. With DFT,
much smaller singlet-triplet sphttlngs are obtained. Further-
more, the reduction (as compared to CASPT2) is consider-
ably larger for [UO,Cl,]>~ than for UO3*. With SAOP, the

calculated splittings are only 1122 cm™" for the E, states in
[UO,Cl,]*", as compared to 3528 cm™ for @, in UO§+, and
2000— 2330 cm™! for the B, and B,, states in [U02C14]2
compared to 5814 cm™" for A, in uo3*.

Comparing the ex01tat10n energies obtained with the
same method for both molecules, we note that while
CASPT2 predicts a significant blueshift of the spectrum of

TABLE III. SOF vertical excitation energies [UO,Cl, >~ calculated with
TDDFT and different functionals and with CASPT2.

Dy, LDA BP86 LB9% SAOP CASPT2*
SBlg 18 302 18 539 13 408 22 601 22 862
SBZX 19 246 19 489 14 670 23 825 23711
3Eg 20251 20 288 16 556 24715 27 175
lBlg 21051 21301 15 041 24 600 30736
lEg 21756 21 805 17 102 25 837 30 624
leg 22315 22 535 16 925 26 153 31578

“Reference 30.
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[UO,CI, >~ as compared to UO3*, the SAOP results show
the opposite trend: with exception of the 3(I> state (3E in
[UO,CL,>), all excitation energies are lowered by
2000—7000 cm™! by the addition of chlorines in the equato-
rial field of uranyl. The blueshift of the bands in the CASPT2
spectrum is larger for the >'® (0 — ¢,) states than for the
A (0, — &,) states. In Ref. 30 this was explained by noting
that from the two nonbonding orbitals §, and ¢, in UO%J’, the
¢, orbital is raised in energy relative to &, in [UO,Cl,]*,
due to (mainly electrostatic) o interaction between this or-
bital and the equatorial chlorine o orbitals of the same sym-
metry. This effect is obviously not confirmed by the DFT
results.

The different energetic effects of the equatorial chlorine
ligand field observed at the CASPT2 and DFT levels may be
brought back to the different compositions of the orbitals
involved. In UO%*, both methods essentially give the same
orbital composition. The accepting orbitals &, and ¢, are in
this case of course pure Uf (there is no oxygen partner of
the same symmetry), while the departing orbital ¢ in both
cases contains an almost equally composed mixture of Uf
(55%-56%), Up (9%—10%), and Op (33%-34%) character.
In [UO,Cl,]*~, both methods predict a limited admixture
of chlorine character in the accepting orbitals e, and b,
(by, still with no ligand partner, therefore remaining pure
Uy), with DFT predicting a larger contribution (8% for e,
5% for b,,) than CASPT2 (2% for e,, 1% for b,,). However,
a much more important difference between both methods is
found for the departing a, orbital. With CASPT2, this orbital
remains almost completely localized on the uranyl moiety
(44% Uf, 43% Op, 12% Up), with only 1% chlorine char-
acter. However, the DFT results show a completely different
picture, with the a, orbital now attaining a dominant (73%)
chlorine contribution, with the remaining 27% divided al-
most equally between uranium (11% Uf, 3% Up) and oxy-
gen (13%). Such an unrealistically high chlorine character of
the highest occupied molecular orbital (HOMO) would point
to a very covalent uranyl-chlorine interaction in [UO,Cl,]*",
which is obviously not confirmed by CASPT2 or by the ex-
perimental spectroscopic data.®* A similar problem was ob-
served in a recent DFT study of the bonding and spectro-
scopic properties of the [CuCl,]*~ complex.” Also there,
DFT (both BP86 an B3LYP) were found to predict a too
covalent Cu—Cl description, giving rise to an underestima-
tion of the (ligand-to-metal) charge-transfer excitations ener-
gies in this complex. Also in [UO,Cl,]*" the redshift of the
TDDFT spectrum as compared to UO%Jr as well as to the
CASPT2 results for the same complex may be explained by
an incorrect composition and concomitant too high energy of
the a, orbital. Furthermore, the high chlorine content of the
latter orbitals also gives the lowest excited states in the
SAOP-DFT spectrum of [UO,Cl,]>~ much more charge-
transfer character than their CASPT2 analogs. This may ex-
plain the much smaller singlet-triplet splittings observed with
the former method.

B. Results with spin-orbit coupling

In Table IV, SAOP vertical excitation energies for UO%Jr
including SOC are given for all states corresponding to the
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TABLE IV. Vertical excitation energies of UO%* calculated with SOC, and composition of the excited states in terms of the SOF o — §,, ¢, states.

SAOP-TDDFT

CASPT2"

Composition (%)

Composition (%)

+ + + +
AE 0, =0 0, by AR 0, =0, 0, = b

D.,, (cm-1) A, ‘A, D, ', (cm™) A, ‘A, D, ',
al, 20 345 7 3 87 19 195 23 2 74
ad, 21431 11 60 23 20 265 27 51 18
all, 23784 94 20 104 97
bA, 25430 77 12 3 22230 69 9 19
al, 27 069 95 26312 97
bd, 28 465 48 30 15 25435 67 29 1
cd, 29 424 36 5 49 29 085 3 17 74
cA, 32018 7 56 9 31314 79 6

“Reference 30.

SOF states in Table II. The contribution of the different SOF
states to each excited state is also included. For all but the
highest ¢ A, state these contributions add up to 90% or more,
thus pointing to the absence of considerable mixing with
higher-lying SOF states. As illustrated further (Fig. 1), the
lowest excitations out of the highest m,-type bonding orbital
(not included in Table IV), in fact, already appear at slightly
lower energies than the highest o — &,, ¢, state ¢ A,, thus
explaining the larger multiconfigurational character found for
this state.

Overall, the agreement between the DFT and CASPT2
results in Table IV is satisfactory. All DFT results are some-
what higher than the CASPT?2 values, with differences rang-
ing between 339 and 3680 cm™!. Looking at the composition
of the different states, these differences can be brought back
to the SOF data in Table II. The largest differences are found

Energy (1000 cm 1)

20

a A,

I I I I I I I
1.72 1.74 176 1.78 1.80 1.82 1.84
U-O distance (A)

FIG. 1. Excited state curves of UO3* along the U-O symmetric stretching
path obtained from SAOP-TDDFT calculations.

for the states with predominant 3Ag character all,
(3680 cm™), b A, (3110 cm™), and b ®, (3030 cm™"), close
to the difference of 3408 cm™' found for the parent *A o state
in Table II. For the a Ag, b <I)g, and a Fg states, the differ-
ences are smaller, 757—1166 cm™, conforming with the dif-
ference of 1225 cm™! obtained for their parent RO . state. For
the two highest states with predominant singlet character,
¢ ®, and ¢ A,, the SAOP and CASPT? results are very close
(within 1000 cm™'), as was the case for the corresponding
singlet states in Table II. The smaller singlet-triplet splittings
of the SOF states observed from DFT as compared to
CASPT2 are also reflected in the composition of the SOC
states in Table IV, showing more extensive mixing of singlet
and triplet characters in the DFT results.

Table V presents the vertical excitation energies calcu-
lated with SOC for [UO,Cl,]*". To simplify the comparison
with the results for UO§+, each Dy, state is also given its D,
parentage. Conforming with the SOF results in Table III, all
SAOP energies in Table V remain lower than the correspond-
ing CASPT2 energies also after including SOC, with differ-
ences increasing with increasing excitation energy. For the
lowest excited states a Hg, aAg, and ang both methods
agree to within 1000 cm~!, whereas for the highest states
cA, and ¢ P, the difference amounts to 3600-4300 emL,
As for UO?, the smaller singlet-triplet splittings obtained
from SAOP as compared to CASPT2 give rise to much more
extensive mixing of singlet and triplet characters when intro-
ducing SOC in the former method. Whereas in the CASPT2
results in Table V one can still recognize a lower-lying triplet
block below 30000 cm™! and a higher-lying singlet block
starting at 32 000 cm™!, both spin multiplicities are more
thoroughly mixed at the SAOP level, with the two highest
states ¢ A, and ¢ @, retaining 50% or less singlet character.
Furthermore, also within the triplet block more extensive
mixing is found with SAOP between states belonging to ei-
ther 3Ag or 3(I)g. This can again be traced back to the SOF
results in Table V, where both states are well separated at the
CASPT?2 level but close in energy at the SAOP level. As a
result, the lowest excited states in the CASPT2 spectrum of
[UO,Cl,]>~ are predominantly 3Ag, while the lowest state
obtained from SAOP, a B, is an almost equal mixture of
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TABLE V. Vertical excitation energies of [UO,Cl,]>~ calculated with SOC, and composition of the excited

states in terms of the SOF o7 — §,, ¢, states.

SAOP-TDDFT

CASPT2*

Composition (%)

Composition (%)

7= Oy = b o= 4, = b
AE AE

Dy D., (em™ °B,, °B,, 'B,, 'B, ’E, 'E, (cm) °B,, B, 'B,, 'B,, ‘E, 'E,
aB,, al, 20884 41 46 21273 67 31
aE, all, 20954 13 60 9 1 21024 28 66 2 1
aB,, ad, 21335 8 9 74 22125 53 44
bE, a®, 22108 36 1 31 20 22859 43 8 2 15
bB,, bA, 22420 54 34 24056 38 16 44
bB,, bA, 22570 30 29 32 24339 26 12 60
cE, b®d, 26882 36 26 137 27494 26 23 2 7
ady, al, 27678 89 29 842 97
aA,, al, 27682 85 29 849 97
cBy, ch, 27666 20 46 18 31991 7 76 10
dE, c®, 28364 1 32 50 31961 1 1 2 72
¢By, cA, 28561 16 17 7 32523 5 8l 8

“Reference 30.

3Ag and 3®g. We also note that the order of the lowest two
excited states, a B,, and a E,, is interchanged with SAOP as
compared to CASPT2. Considering the average of the a B,,
and a B, both methods, however, predict the same ordering
of the lowest excited states in [UO,CL ™ all,<aA,
<a P,

Concerning the composition of the excited states in
Table V we further note that the total of all contributions
adds up to 82% or more for all states except the highest ¢ B,,
state. This means that, although SOC introduces more sig-
nificant interconfigurational mixing than in UO%+ with SOF
states belonging to other higher-lying excitations, the lowest
states in the spectrum of [UO,Cl,]* still essentially corre-
spond to excitations out of the HOMO o7 orbital. We should
note, however, that the lowest 7,— J,, ¢, states are in fact
predicted by SAOP-TDDFT to appear at
23 000—26 000 cm™! in the vertical spectrum of [UO,Cl,]*",
i.e., between the b B,, and c E, states. At the CASPT2 level,
the onset of these states is located more than 10000 cm™!
higher in energy, namely, at 35 760 em™ % Analysis of the
experimental data®** also shows no indication of low-lying
states corresponding to an excitation out of 7r,. We therefore
decided not to give these states any further attention, thus not
including them in Table V.

TABLE VI. Adibatic spectrum of UO3* with SOC.

For a detailed comparison with experimental electronic
energy levels, adiabatic excitation energies should be consid-
ered. They are presented in Table VI for UO%+ and in Table
VII for [UO,Cl,]*", along with the optimal U-O distances
R(U-0) and harmonic frequencies w, of the symmetric U-O
stretching vibration of the different states. Only the lowest
excited states have been included in both tables. For the
higher states, forbidden crossings occur at increasing U-O
distances between the higher-lying states corresponding to an
excitation from o and the lowest states corresponding to an
excitation out of the highest 7, bonding orbitals, thus pre-
venting a quadratic analysis of the excited state energy
curves involved. This is illustrated in Fig. 1 for UO§+, show-
ing all lowest excited state curves obtained from SAOP along
the U-O symmetric stretching path. A similar plot obtained
from CASPT2 may be found in Ref. 30. At the ground state
structure (the origin of the x axis in Fig. 1), the spectral
region below 30000 cm™' is indeed built from states with
almost exclusive oy — &,, ¢, character. Only the highest ¢ A,
state included in Table IV is in fact located amongst the
lowest m,—6,,¢, states, bIl, (29963 cm™), »bT,
(30603 cm™), d ®, (32643 cm™). The latter states, how-
ever, descent much more steeply with increasing U-O dis-

SAOP-TDDFT CASPT2" soc-cr’
R,(U-0) , T, R,(U-0) , T, R,(U-0O) o, T,

Doy &) (em™) (em™) &) (em™) (em™) &) (em™) (em™)
xst 1.716 984 1.708 974 1.668 1103

al, 1.788 847 17 909 1.782 815 17227 1.739 845 21421
ad, 1.789 847 18 933 1.783 811 18 239 1.742 847 22 628
all, 1.776 854 22022 1.765 847 18 888 1.733 867 20719
bA, 1.778 854 23569 1.769 844 20911 1.749 900 23902
arl, 1.788 822 24 637 1.784 808 24190 1.755 880 27893

“Reference 30.
"Reference 29.
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TABLE VII. Adiabatic spectrum of [UO,Cl,]*~ with SOC.

J. Chem. Phys. 126, 194311 (2007)

SAOP-TDDFT CASPT2* soc-cI’ Expt.°
Re(U'O) o, Te Re(U'O) w, Te Re(U‘O) W, Te w, Te

Dy, Day A) (cm™) (cm™) (A) (cm™) (cm™) (A) (em™) (cm™) (em™) (cm™)
XA, X3} 1.808 803 1.783 819 1.728 968 832

aE, all, 1.845 733 20 059 1.836 712 20 280 1.790 885 20 363 715 20 096
aBy, al, 1.847 732 19 908 1.844 703 20330 1.792 879 21013 710 20 407
aB, al, 1.848 739 20 308 1.846 698 21139 1.790 878 21838 696 21316
bE, ad, 1.845 739 21088 1.846 711 21 809 1.794 874 22819 711 22051
b B, bA, 1.842 741 21 605 1.846 721 22984 1.806 902 21618 717 22 406
b B,, bA, 1.844 740 21 693 1.847 714 23228 1.806 900 24780 711 22750

“Reference 30.
PReference 29.
‘Reference 24 and 25.

tance, leading to mixing and forbidden crossings with the
ol —8,, ¢, states. Similar crossings were also found from
the CASPT2 calculations in Ref. 30. However, at the
CASPT2 level the onset of the 7,— §,, ¢, states is located
about 3000 cm™! higher in energy than at the SAOP level,
such that these crossings occur at larger U-O distances, be-
hind the minima of the lowest excited state curves. As al-
ready mentioned, for [UO,Cl,]*~ a number of m,— §,, $,
states are already found in the region between 23 000 and
26 000 cm™! in the SAOP vertical spectrum, thus preventing
a quadratic analysis for the higher-lying states in Table V.

For the free uranyl ion, no experimental spectral data are
available. The SAOP results in Table VI can therefore only
be compared to previous theoretical results obtained by ei-
ther CASPT2 (Ref. 30) or SOC-CL?*? On the other hand,
for [UO,Cl,]>~ Table VII also includes the experimental data
obtained from the detailed experimental analysis of Denning
and co-workers of the solid state spectrum of
Cs,U0,C1,. %

Looking first at the U-O distances and frequencies we
note the following trends. Considering the excited states, all
three methods predict a weakening of the U-O bonds as
compared to the ground state, due to the excitation of an
electron from a bonding into a nonbonding orbital. This is
reflected by a calculated increase of the U-O bond distances
by 0.07-0.09 A in UO3* and 0.03-0.08 A in [UO,CI,]*,
and by a decrease of the stretching frequencies by
140-260 cm™" in UO%* and 60-120 cm™" in [UO,Cl,]*".
The latter is also confirmed by the experimental symmetric
U-O stretching frequencies in Cs,UO,Cly, showing a similar
decrease with, on the average, 122 cm™'. As compared to the
experimental frequencies for [UO,Cl,]*", the results ob-
tained with CASPT?2 are closest, with the largest deviation,
13 cm™!, found for the ground state. Slightly larger devia-
tions, ranging between 18 and 43 cm™', are obtained with
SAOP-TDDFT. However, the TDDFT results are obviously
superior to the SOC-CI results, predicting frequencies that
are systematically too high by 130—189 cm™!. Similar trends
are found for UO%J'. Here, the DFT frequencies are slightly
(up to 36 cm™!) larger than the CASPT2 results. For the low-
est excited states the TDFFT and SOC-CI results are similar,
whereas for the ground state and the higher excited states the
SOC-CI results are again much higher (up to 120 cm™"). The
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fact that SOC-CI overestimates the U-O bond strength is
also reflected by the U-O distances obtained from this
method, which are systematically shorter by 0.02—0.08 A in
both molecules than the DFT or CASPT?2 results. The dis-
tances obtained from the latter two methods are close. The
largest difference, 0.025 A, is found for the ground state in
[UO,Cl,]*>~, whereas for all other states the differences are of
the order of 0.01 A or less. It is also worth mentioning that,
conforming with CASPT2,% the effect of SOC on the ground
state DFT structure is found to be insignificantly small for
both molecules. For a more detailed discussion of available
ground state structural data in the literature we would like to
refer to our previous work. 40

For [UO,Cl,]>~ excellent agreement is found between
the DFT excitation energies and the experimental data. All
energies are slightly too low, but the error never exceeds
1000 cm™!, and are even smaller for the lowest two excited
states: 37-500 cm™!. A slightly closer agreement, 500 cm™!,
is, on the average, obtained at the CASPT2 level. However,
also for the excitation energies in [UO,Cl,]*>~ the present
SAOP-DFT results are superior to the SOC-CI results, which
are all systematically too high by up to more than
2000 cm™!. Given the close agreement between the CASPT2
excitation energies and the experimental data for
[UO,CI,]*~, we consider the CASPT2 results as benchmark
values for UO%+, for which no experimental data are avail-
able. Also for this molecule, the SAOP energies are system-
atically closer to the CASPT?2 results than the SOC-CI ener-
gies, the latter being too high by up to 4000 cm™'. The
deviations obtained with DFT show the same trend as was
already discussed for the vertical excitation energies in Table
IV, and brought back there to the SOF SAOP-DFT results in
Table II. Indeed, for the three states a A,, a ®,, and aT’,
with predominant 3<I>g character excellent agreement with
CASPT?2 is obtained, whereas the states a Hg and b Ag which
are predominantly 3Ag character are calculated too high by
2600-3100 cm™!, conforming with the larger deviation
found for the A ¢ state in Table IL

Finally, we would like to comment on the character and
position of the luminescent state in both molecules. This
state is shown in boldface in Tables VI and VII. As one can
see, the predicted character of the luminescent state differs
between different methods and also between the two mol-
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ecules. For UO§+, both DFT and CASPT2 agree that the
luminescent state is a A, originating primarily from a o],
— ¢, (3<I)g) excitation, whereas SOC-CI predicts a different
state and configuration: a II, with predominant o}, — &,
(3Ag) character. On the other hand, for [UO,Cl,]*", both
CASPT?2 and SOC-CI agree with experiment on a E, (corre-
sponding to all, in D,,) being the luminescent state,
whereas DFT instead predicts a B,, as the lowest excited
state. The latter should, however, not be taken too strictly,
given that the a E, state is found only 151 cm™" higher in
energy, and is, in fact, calculated lower by 276 cm™ than the
average of the two states a B,, and a B, corresponding to
a A, (at 20 184 cm™) in D, The fact that SOC-CI predicts
the same luminescent state for both molecules, with an en-
ergy that differs by less than 400 cm™', is in line with the
general trend of the SOC-CI results, indicating on the whole
a very limited effect of the equatorial chlorines on the calcu-
lated excitation energies. More intriguing is the observation
that both SAOP-TDDFT and CASPT?2 instead do predict a
different luminescent state and configuration, a A g(a:—> b,),
for the unknown spectrum of the bare UO3* molecule than
the a E (o, — &,) luminescent state observed experimentally
in the well-known spectrum of [UO,Cl4]*~ (and of other sys-
tems with a different equatorial surrounding, such as
[UOZ(NO3)3]‘).24 Furthermore, both methods predict a red-
shift of the luminescent state by about 2000 cm™! in UO3* as
compared to [UO,Cl,]*~, thus pointing to a distinct influence
of the chlorine ligand field on the electronic spectrum of
uranyl. At first sight this may seem unlikely, given that ex-
perimental data so far have rather indicated that the position
of the bands between 20 000—30 000 cm™' is quite indiffer-
ent to the nature of the equatorial field. However, these spec-
tra have always been recorded in an equatorial surrounding
that is saturated with ligands (be it four chorines, three ni-
trates, or a combination of ligands in solution
spect1ra)24’25"”_43 A recent CASPT?2 investigation of the elec-
tronic spectra of uranyl chloride complexes in acetone® has
confirmed that the excitation energies in such complexes in-
deed differ by no more than a few hundreds cm™! between
complexes with different numbers of equatorial chlorine/
acetone ligands. The answer to the question whether the
complete removal of all ligands from the equatorial plane
would indeed introduce a shift in the electronic spectra pre-
dicted by the present SAOP-TDDFT or previous CASPT2
calculations can only come from an experimental spectrum
of the bare uranyl ion.

IV. CONCLUSION

The lower part of the electronic spectra of UO3" and
[UO,CI,J*~ has been analyzed by means of a recently pro-
posed relativistic TDDFT formalism, including the effects of
spin-orbit coupling by means of the two-component zeroth-
order regular approximation (ZORA). The results confirm
the experimental interpretation and the results from previous
theoretical calculations, that this part of the spectrum is built
from excitations out of the HOMO o7, orbital into the non-
bonding S, or ¢, uranyl orbitals. Scalar relativistic TDDFT
calculations (i.e., without SOC) indicated that only the

J. Chem. Phys. 126, 194311 (2007)

SAOP functional could give satisfactory excitation energies,
while the results obtained with LDA, BP86, or even LB94
are far too low. The results of the two-component calcula-
tions (i.e., with SOC) were compared to experimental data
(for [UO,CI1,]*") and to previous computational results ob-
tained by either SOC-CI or CASSCF/CASPT2 (for UO3*
and [UO,C1,]?"). This comparison convincingly proves the
quality of the DFT results. All calculated excitation energies
and U-O distances and symmetric stretching frequencies
closely correspond to both experiment (with average devia-
tions of only 700 cm™' for T, and 28 cm™! for w,) and to
CASPT2, and are obviously superior to SOC-CI.

Even if some problems remain to be solved, such as the
composition and the position of the o orbital in [UO,Cl,]*~
and the appearance at too low energies of excitations out of
the , orbital, we believe that this work presents a convinc-
ing first example of the strength of the two-component rela-
tivistic TDDFT approach recently proposed by Wang er al.
for the research on spectroscopic properties of heavy element
compounds.
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