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The ground and excited electronic states of the uranyl ion?U@re computed using relativistic core and
spin—orbit potentials and multireference graphical unitary group approach configuration interaction as
implemented in the COLUMBUS suite of programs. Excitation energies, symmetric stretch vibrational
frequencies, and angular momentum coupling properties are compared to the extent possible with spectroscopic
data from CgUO,Cl, and CsSUQ(NO3)s.

1 Introduction data came from samples containing uranium: canary glass,
.. . . . several U minerals, and several YO salts. These showed
.T.he .V'S'ble spectrum of the .uranyl lon (L.i@) IS quite several absorption bands in the blue and several emission bands
distinctive, and few spectroscopic or electronic structure prob- in the vellow with a areen band in common. Stokes coined the
lems have as long or as extensive a history. The tendency of a “y "g ’ .
uranium atom to bond two oxygen atoms tightly and closely term “fluorescence” (from fluorspar and opalescence) for this
has played a central role in uranium chemistry from its phenomenon. From his data he drew several conclusions, one

beginning. Thus, imatelv half of th . d of which described the shift between the wavelengths of
Iist?alg n;: gthe bsar?ggégﬁ”‘g? ?:%eriis?ry :nlérag;:;rgig;rrﬂz?nun S absorbed and emitted light: “The refrangibility of the incident

uranium in the form of the uranyl ion, and the most common 19t is a superior limit to the refrangibility of the components
uranium salts and minerals are uranyl compounds. of the dispersed light. ThIS“ came tq be knoyvn_as _Sto_kes Law
Although uranium compounds have been used since Romanand has been restatédis: “The emitted radiation is d|spI§1C(_ed )
times2~4 the first recognition that they contained a new element [© longer wavelengths compared to the absorbed radiation”,
was by Klaprotfin 1789: the substance he named “uranium” whlch_we now know is a result of transitions to different excne_d
was actually UG, and the “uranium” compounds he prepared, V|brat|or_1al Ieyels. It is perhaps most commonly referred to in
such as the chloride, nitrate, and sulfate, were actually uranyl cOnnection with Raman spectroscopy.
salts. Elemental uranium was first obtained in 1841, QigBg® Becquerel Family. The fluorescence of the uranyl ion was
who also proposed the name “uranyl” for the ¥0ion.’ studied by several generations of the Becquerel family. C.
Structure. As shown in a survey of 180 crystal structufes, Becquerel (grand-pe) established the family scientific tradition
uranyl ions are fundamentally linear, rarely deviating from in the early 1800s and contributed to the new science of
linearity by more than a few degrees even in low-symmetry electrochemistry® E. Becquerel (pe) did much to develop
environments. Uranyl ions are coordinated with various ligands methods for studying fluorescence and phosphorescence and
at larger distances in the equatorial plane, with common in 1872 published photographically recorded fluorescence
equatorial coordination numbers befrgur, five, and six. The spectra of several uranyl sals.More studies of uranyl
UO bond distances, in carbonate complexes for exafhate, fluorescence by H. Becquerel (fils) appedreth 1885. A
in the range 1.7 to 1.9 A for axial distances and 2.4 to 2.6 A consequence of these fluorescence studies was the discovery
for equatorial distances. Among transition metals, the most of radioactivity when a sample ofKIO,(SOy), was placed next
closely analogous case of very tight metakygen binding  to a covered photographic plate and the image of the sample
occurd? in the vanadyl ion V&*. was observed on the developed pld. Becquerel (petit-fils)
Early Optical Work. Prior to 1940, when mining for nuclear  collaborated with Kamerlingh Onnes in observing uranyl
weapons and power began, uranium had only been used on dluorescence spectra down to liquid hydrogen temperature.
minor scale as a coloring agent (such as in canary glass, a light- Up to 1940. From the 1870s on, many different research

yellow Bohemian glass used for decorative and glass-blowing ;
. groups studied the spectroscopy of uranyl salts. The work up
purposes) and for catalysisin the 1840s, Brewst&tbegan 1 1919 was summarized by Nichols and Ho%ér a (first)

the study of the optical properties of uranium compounds. His book on uran : :
. . . yl spectroscopy. They included much analysis of
study of canary glass showed that it absorbs light in the blue, the properties of the spectra, but noted that “... no satisfactory

transmits light in the yellow, and has luminescence (“internal theory has as yet been evolved, ...". Almost all uranyl salts

d|slpelr85|502n S?rkggpter(jglvgtrr]eflexlpn I) n thefgreefn. lid absorb light beyond 20 000 crh(blue, violet, and ultraviolet)
9 ’ gnt. P ’ yellow, and orange) with some overlap between the two spectra.
« Corresponding author. E-mail: pitzer. 3@osu.edu. The absorption in the blue region gives the salts a yellow color,
* Present address: Pacific Northwest National Laboratory, P. O. Box @Nd they have a green color when viewed by fluorescence. The
999, Richland, WA 99352. absorption spectra contain many weak but sharp feaflires.
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Approaching 30,000 crt the absorption becomes stronger but as being due to the parity selection rule. Since the excited orbital
with few featureg? is eitherdy or ¢, this means that the excitation must come from

In 1925, Dieke and Van He®ldescribed the absorption and ~ €itheray or zz.. The work up to 1964 was described in a (third)
fluorescence spectra as being progressions in a vibration thato0ok on uranyl spectroscopy by Rabinowitch and Belférd,
has a lower frequency in the excited electronic state than in the Which also described the photochemistry and early theory work
ground electronic state. In 1930, Freed and Ka&geund that ~ on uranyl compounds. Uranyl photochemistry work has also
the uranyl ion has temperature-independent paramagnetism. Irfbeen extensive, starting in 1805 with the observ&ticof
1935, Fankuchéf published a crystal structure of a uranyl salt sunlight-induced reactions in solutions of uranyl salts and
with sufficient data to show that the uranyl ion is linear. In €thanol. The most extensively studied reaction has been that of
1939 Moerman and Kra&knoted that (1) the 0-1 band is always ~ uranyl oxalaté**¢ In 1968, Bell and Bigge® published a
the most intense band in fluorescence, (2) the 1-0 band is alwaysdeconvoluted spectrum of uranyl ion in HGl®olution where
the most intense band in absorption, and (3) the excited-statethe low complexing tendency of the perchlorate ions would
vibrational frequency is lower than the ground-state vibrational mean that the spectrum was primarily that of hydrated uranyl
frequency; accordingly, the excited state must have a weakerions. They found 24 bands between 20 000 and 55 710:cm
bond and a longer bond distance. the higher-energy bands had oscillator strengths typical of

1940-1950.During World War I, as part of the Manhattan ~ €l€ctric-dipole-allowed transitions.

Project, much work on the spectroscopy of uranyl compounds In 1972, Galler-Walrand and Vanquickenbourfdgjn ex-
was carried out to investigate any possible optical methods of amining uranyl absorption spectra, pointed out cases of suf-
isotope separation. This work was summarized by Dieke and ficiently large splittings due to equatorial ligands that the values
Duncar?’ in 1949 in a (second) book on uranyl spectroscopy. for such splittings should be given by first-order perturbation
They noted that the fluorescence spectra are independent of théheory. Their analysis showed that this can occur only if the
wavelength of the exciting radiation, showing that it is entirely excitation comes from @ (thereforeo,) orbital and if the
due to the first excited electronic state. Of the three vibrations dominant angular momentum couplingAs-S

of UO;?*, the symmetric stretch (typical frequencies: 830&m Denning Group. The most detailed spectroscopic studies
in the ground state, 710 crhin the excited state) plays a have been of crystalliféCs, UO, Cl4 for which the ionic units
dominant role in the form of the spectra, but the bend (typical are C4 and UQCI2; the UO distance is 1.774 A and the
frequency: 210 cm') and asymmetric stretch (typical fre- UCI distance is 2.671 A. The site symmetry of the U atoms is
quency: 930 cm?) can also be found from the spectra as well C,,, very close toDz, and moderately close 4. In 1976,

as from infrared and Raman spectra. All of the spectroscopic Denning, Snellgrove, and Woodwdéfkpublished polarized,
parameters vary a few percent with changes in the other ionssingle-crystal absorption spectra of0€,Cl, taken at 4.2 K.
and molecules in the salts. The fluorescence lifetimes are They compared vibrational frequencies (yof 831, 252, 916
typically in the range 10*to 10-3s. The fluorescence oscillator  in the ground state to 715, 234, 731 in the fluorescent (first
strength is in the range 10to 1078, “... expected for quadrupole  excited) state and assigned 12 excited statdpirsymmetry,
radiation” (rather than dipole radiation). In 1949, Ka&heted which correspond to the first six excited statesDig, UO,2+

that the maximum value of the fluorescence extinction coef- having Q values of 1, 2, 3, 2, 3, 4. They measured magnetic
ficient in solution is 8.5 L mot* cm™ (0.85 n¥ mol™), moments and found the very small value of (0£8.07) ug
indicating an (electric-dipole) forbidden transition. for the fluorescent state. To obtain this low value, the electron

Electronic Assignment ProgressWorking out the electronic ~ orbital and spin contributions must almost entirely cancel, which
structure of the uranyl ion has been a slow process, especiallycan only occur for two electrons in singly occupied MOs if the
establishing the angular momentum quantum numbers andstate is?Aq1. The orbital excitation must then be from to dy.
orbital excitations of the excited states, for which a 1971 They assigned some of the higher states to excitations éfpm
statemer?® was “Several mutually exclusive hypotheses have to ¢y, particularly the sixth excited state tq. The excited
been proposed.” The summary here will concentrate on the work states were assigned as either magnetic-dipole or electric-
that has stood the test of time, while more complete referencesquadrupole allowed. In 1979, they argfiethat the magnetic
and discussion are available from review artide®.In 1952, moments of the excited states withvalues of 2 and 3 did not
Connick and Hugu® argued that the unusually strong UO correspond to singlé\—S states so that there must be spin
bonding implies participation of U 5f orbitals in the bonding, orbit mixing between the states resulting from excitationg,to
especially thes bonds. In 1955, Eisenstein and Pifadescribed and¢y. They also calculated a UO bond length increase of 0.07
the molecular orbitals (MOs) involved in the ground and low- A due to excitation from the ground state to the fluorescent
lying excited states. state.

A brief summary of the MOs is obtained by starting with the In 1987, Barker, Denning, and Thofeeported two-photon
uranyl in its extreme ionic form as described by the oxidation spectra for the same system and added an@bgstate; itsQ
numbers, [@"UT027]2*, The U 5f and 6d orbitals are empty  value is 2. In 1991, Denning and Morris8mobtained polarized
and the O2p orbitals are full and form the highest-lying MOs, excited-state absorption spectra from the fluorescent state. The
04, Ou, g, 7y These MOs are formed in the same way in simple new state found was at 37 100 thabove the ground state
diatomics such as N O,, and K, (as used, for example, to  and has a symmetric stretch vibrational frequency of 585'cm
explain the triplet ground state of}Dbut in UG2" the O atoms The intensity is large so the transition is electric-dipole allowed.
are farther apart, and the empty orbitals on the U atom are The assignment is for @,-to-d, excitation from the ground state
available to mix with the O2p orbitals: &fin oy, 5f7 in 7, and anQ2 value of 1. The UO distance in this state is calculated
6do in g, 607 in 7. The extent of this mixing is a key question.  to be 0.18 A longer than the ground-state value. In 1992, Barker
The lowest lying empty MOs are thed®find 5%, since they et al*® reported two-photon spectra of Csk(®80s); corre-
are of the wrong symmetry to mix into any occupied MOs.  sponding to the first seven excited states of /O

In 1957, Jargenséh ascribed the low intensities of the Previous Electronic Theory.In previous theoretical calcula-
fluorescent transition and the low-lying transitions in absorption tions on the uranyl ion, both nonrelativistic and relativistic
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methods have been used, including M&,,*4 48 discrete
variational?®-5!1 effective core potenti&f-5° extended Hokel 2659
local approximation for relativistic scalar operatétsjensity
functional®! and four-componerf&83Actual calculations have

been confined to the ground state, primarily to test new methods
and to understand the bonding and bond angle, but discussion

Zhang and Pitzer

TABLE 1: Timing Data for Example CI Calculations
size of CI (million)

wall-clock time (hours)

9.16 5.74
4.16 2.00
1.77 0.76
0.25 0.083

and approximations for excited states were included in a number

of Case§ﬁ,45,47,48,50,51

2 Theoretical and Computational Methods

Basics. The theoretical and computational difficulties in

treating systems such as the uranyl ion are the need to include

relativistic effects and to treat large numbers of electrons. We
address these difficulties by the use of the relativistic effective
core potential (RECP) approximatiin® and spir-orbit con-
figuration interaction (Cl) implemented by the graphical unitary
group approach (GUGAY. 68

Core Potentials. The RECPs used in this work are those
developed by Christiansen and co-work&& Their proce-
dure’l 72 starts with Dirae-Fock (DF) relativistic atomic cal-

TABLE 2: O cc-pVDZ Basis Set: (4s4pld)/[2s2pld]

orbital primitives contraction contraction

S 41.04 —0.0097241 0.0222003
7.161 —0.1318703 0.1265661
0.9074 0.5903463 —1.6261307
0.2807 0.5169632 1.5531546

p 17.72 0.0433004 —0.0559967
3.857 0.2330835 —0.4246360
1.046 0.5017961 —0.5598365
0.2752 0.4652332 0.9990806

d 1.213 1.0

calculations, which may be for an average of electronic states.
Either SCFPQ or MCSCF MO coefficients can be used by the
TRAN program to transform the AO integrals to MO integrals.

culations and converts the valence orbitals to valence pSEUdO'Spin—orbit Cl singles (CIS) and singles and doubles (CISD)
orbitals, which are unchanged in the valence region and go cg|cylations may be carried out. The CIS calculations were done

smoothly and nodelessly to zero in the core region and are useq,

to define core potentials and spiorbit operators simulta-

sing the (older non-GUGA) CGDBG and CIDBG programs,
and the CISD calculations were done using the CIDRT, CISRT,

neously. These operators include the effects of the core electronsc yrT, and CIUDG spir-orbit GUGA programs.

as well as the relativistic effects of the valence electrons in the
core region’3 With explicit treatment of the core electrons

removed from the problem, the Hamiltonian to be considered
thus includes the usual nonrelativistic kinetic energy and

Coulomb terms for the valence electrons plus the core potentials

and spinr-orbit operators. The core potentials represent, for the

valence electrons, the repulsion of the core electrons, and the

spin—orbit operators include the (large) spiarbit interactions
of the valence electrons with the nucleus and with the core
electrons as well as an approximatibto the (small) spir-

In Table 1 we list sample timing data (diagonalization step
only; other steps require negligible time) for several calculations
on the uranyl ion done on a Sun Ultra 1 model 200E
Workstation. Only one root was converged, and the convergence
criterion was approximately 18 E,.

AO Basis Sets.We have developed our own (contracted
Gaussian) AO basis set$Basis sets for effective core potential
calculations describe (valence) pseudo-orbitals, which are small
in the core region. Choosing correlating orbitals by freeing the

orbit interaction between the valence electrons. The oxygen Most diffusive primitives, as is usually and successfully done

coré? is the 1s shell (2 electrons), and the uranium core is the
1s through 5d shells (78 electrons). Thus inZQ82 electrons

for all-electron basis sets, does not necessarily produce orbitals
which are small in the core region, especially for s orbitals.

(core) are not treated explicitly and 24 electrons (valence) are This implies that all contraction coefficients should be obtained

treated explicitly.

Spin—Orbit and Correlation. The simultaneous treatment
of electron correlation and the spiorbit interaction is most
efficiently done by the use of the multireference CI method of
treating electron correlatidi¥.Other workers have treated spin
orbit and correlation in separate steps in the overall calculé&tion.
The spin-orbit interaction for the valence electrons of heavy

by energy-related methods. The best results are obtained by
using natural orbitals from correlated atomic calculations.

The basis sets were derived in the correlation-consistent (cc)
manner®8l The oxygen polarized double-(Table 2) and
triple- (cc-pVDZ and cc-pVTZ) sets were obtained by optimiz-
ing thes andp primitives in atomic SCF calculatiofson the
3P ground state. Next, an uncontracted CISD calculation was

atoms, even though they are not moving especially close to thedone to obtain the natural-orbital contraction coefficients.

speed of light, is sufficiently large that—S coupling is often
not a good approximation and yet neitheras-w coupling.

Finally, the polarization function was optimized in contracted
CISD calculations. Optimizing a basis set for @ave poorer

Thus, an adequate treatment can easily require including all ofresults at the Ug¥* SCF level and was not used further.

the intermediate coupling spd@evithin the reference config-
uration space, which is usually larger in relativistic calculations
than in nonrelativistic calculations. The GUGA methodoldgy,
as implemented in the COLUMBUS system of quantum
chemistry computer progranjs the basis for the programs
used here for direct spirorbit CI8 calculations. These programs
are expected to be available in the upcoming reléase’8
COLUMBUS 5.5.

Computational. Integrals over (symmetrized) atomic orbitals
(AOs) are generated by the ARGOS program. The CNVRT
program then converts these integrals into supermatrix form for
use in the SCFPQ program for self-consistent-field (SCF)
calculations. MO coefficients generated from SCFPQ may be
used as the initial guess in multiconfiguration SCF (MCSCF)

For uranium, we first generated &'U4sd4p4flg)/[3sd2p2flg]
cc-pVDZ basis set (Table 3). Then, to be able to allow for 7s
and 7p character, we also develdpe U basis set by adding
some primitives to the & basis set, obtaining a (5sd6p4flg)/
[4sd4p2flg] cc-pVDZ set. The sd (shared exponents), p, and f
primitives were optimized in atomic SCF calculati&hsn the
6P 5f2 average of configurations forl, and on the 6852
7< and 6d 5f2 7¢ 7pt averages for U, since these choices would
give the reasonably compact 5f description needed for U(VI)
complexes. The s and d exponents were constrained to be the
same to prevent exponent collapse and to improve molecular
integral computation efficiency. Since no 1s primitive functions
were used, the contraction coefficients were obtained (1) from
the atomic SCF calculations and (2) by freeing the most diffuse
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TABLE 3: U cc-pVDZ Basis Set: (4sd4p4flg)/[3sd2p2flg]

orbital  primitives contraction contraction contraction
sd 2.168 —0.1289505 —0.0195499 0.0
1.009 0.7955080 —0.0090364 0.0
0.4025 0.3649706 0.5279641 0.0
0.1398 0.0020985 0.5899125 1.0
p 6.728 —0.0033035 0.0
1.419 —0.3142991 0.0
0.6199 0.7755420 0.0
0.2445 0.4902717 1.0
f 4.436 0.1957684 0.0
1.860 0.4559656 0.0
0.7552 0.4265113 0.0
0.2770 0.1970811 1.0
g 1.690 1.0

TABLE 4: Ground-state Uranyl SCF Population Analysis
gross atomic populations

atom S p d f g total
u 2.034 5546 1469 2524 0.005 11.577
O 3.863 8499 0.062 0.000 0.000 12.423

primitive functions. Theg polarization function was then
optimized in CISD calculations in which only the 5f shell was
correlated. The & basis set was used in the uranyl CISD
calculations.

Ground-State SCF. The (closed-shell) ground-state SCF
energy of UQ?" was computed as a function of UO distance

J. Phys. Chem. A, Vol. 103, No. 34, 1998883

TABLE 5: Lower Excited States from CIS Calculation at
1.699 A

energy (cn?) state A—Sterm configuration
0 0y Yy 30}
28,600 ]
29,634 3 *Ag 30110}
31,269 3
33,147 3
35,205 3 3D, 30&1 ¢$
37,275 4
42,612 3 1P, 3031¢ﬁ
45,909 3 Ag 30,10,

energy occurs at 1.646 A (vs 1.699 A for our larger basis set
and 1.650 A for DF?).

For all of these excited states, the largest terms were
excitations from 3y to either B, or 1¢,. In all cases, the second-
largest term differed from the principal term in that the excitation
came from 2y rather than 8,. The corresponding CI coef-
ficients were all close to 0.39. Since the,3nd &, terms are
single excitations with respect to each other, they can be
combined by mixing (rotating) the two MOs in the ratio of their
ClI coefficients. With the rotated, MOs, the CI coefficient of
the principal term was substantially increased and all the excited-
state wave functions were in single-reference form, making the
CISD description simpler and more efficient.

using the U and O cc-pVDZ basis sets. The minimum energy  Another consequence of mixing the.,zand 35, MOs is the

was found at 1.699 A. Thed3, 30y, Lrg, 27, occupied MOs

amount of “charge-transfer” nat#*in the excitations. Even

are considerably separated from the other occupied MOs. Thewith the unrotatedo, MOs, the excitation is from an ap-
ordering within this top group depends on the basis set and theproximately 50% U MO (3,) to MOs almost entirely on U

UO distancé252 All of these MOs show extensive mixing by

(104 and ). When thes, MOs are rotated, @, contains even

uranium AOs, with the largest amount being the 5f character more 5t character and@, increases its O2pcharacter. Thus

in the 3», MO (54% by population analysis). The group of low
unoccupied MOs contains, in addition to the expectégd(%f)
and I, (5f), the 4y (largely 7s), Dy (6d), and 3, (5f,
antibonding with O2p). The orbital energies for these MOs, in
hartrees, are-1.062,—1.071,—1.097,—1.069,—0.406,—0.387,
—0.403,—0.396,—0.346, respectively.

The overall population analysis is given in Table 4 and shows

that the oxygen charge is onty0.21 by this measure. The U
6p shell, not ordinarily involved in bonding, has a “hole” of
0.45 electron8852 showing that the short UO distance does
cause it to mix with oxygen orbitals.

the rotation of theo, MOs reduces the amount of charge
“transferred”. The population analysis of an excited-state SCF
calculation on 31! 3@y gave essentially the same charge
on the oxygen atoms as did the ground-state SCF calculation.
Thus, the simplest description of the excitations is frofa 5
(bonding) to 56 or 5f¢ (both nonbonding).

Refined MOs. CISD calculations on the ground state, using
the ground-state SCF MOs, showed some single excitations with
Cl coefficients of moderate magnitude. Some of these were for
configurations with different spatial symmetry than the reference
configuration (largest coefficiemt 0.03) and are therefore due

DF calculations have been carried out with larger basis to spin—orbit mixing?® (principally from the 6p shell), and are

setsf2.63 Reference 62 has an oxygen charge-6£66 with, in
particular, a larger @ population and smaller W and U f

little affected by the choice of MOs. The only larger coefficient
(~0.05) was for excitation froms2, to 3m,; it is an indication

populations. Since population analyses are known to be that the ground-state SCEr2 MOs are somewhat less than
particularly sensitive to basis set choice, particularly when optimum for a correlated description of the W®©bonding.
diffuse basis functions are involved, the actual MOs and charge Improving the 2r, MO increases the magnitude of the reference
distribution may be more similar than the populations suggest. Cl coefficient and of some of the double-excitation coefficients,
CIS Survey of Excited States.To gather preliminary which improves the overall correlation description.
information on excited states, we performed a CIS calculation, Finding an optimum set of MOs for both the ground state
using ground-state MOs, including excitations from all occupied and the excited states is quite desirable in terms of computa-
MOs to all unoccupied MOs. The first six excited-st®ealues tional simplification, particularly in future calculations of
agreed with the experimental assignments from the single-crystaltransition moments. For uranyl, the two improvements
spectra®® Despite the close spacing of the high group of needed, (@,, 30u) and (2z,, 37,) rotations, are independent and
occupied MOs, the principal excitations for the first eight excited can be accomplished simultaneously. The,(23o,) rotation
states (Table 5) were only from thes3MO. Despite the has no effect on the ground state, since both MOs are full; the
proximity of the 44, 104, and 3ty MOs to the By and Iy (27, 3my) rotation has approximately the same effect on both
MOs, only the latter pair participated significantly in the excited the ground and excited states. Thus, we carried out energy-
states. When theo (7s) and 7p-based MOs also did not averaged MCSCF calculations in which the energy expressions
contribute significantly to preliminary CICI calculations, we for the wave functions for the ground and six excited states
decided to use thed basis set (Table 3) for further work rather  were averaged. Each wave function included a complete Cl in
than the U basis set. With this smaller basis, the minimum SCF the (2t,, 37,) space. The resulting natural orbitals from these
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TABLE 6: Composition of Multireference Wave Functions
at 1.733 A (Single Reference for the Ground State)
123’ 3Ag 3(I)g 1Ag 1q)g
0.833

N
~

AN

AN
N

28,000 - e— —

tot ref

0.833
0.839
0.839
0.839

state

AN

0.221 26,000

0.233

0.599

0.513
0.838

24,000 A

Energy (cm-)

MCSCEF calculations were used in the final CISD calculations.
The (21, 37,) improvement was modest in magnitude, while
the (2, 30y) improvement was quite important for the excited
states.

Single-Reference CISD ResultsUsing the MCSCF MOs,
single-reference CISD calculations were done for the ground-
state and first six excited-state potential curves. The ground-
state equilibrium internuclear distance and vibrational frequency

22,000

20,000+

1.65 1.70 1.75 1.80

were 1.668 A (vs 1.697 A for RECP coupled clugtand 1.710
A for 4-component coupled clusf8 and 1104 cm?, respec-
tively. The 1, potential curves all had minima very close to
1.735 A, and the @, curves all had minima near 1.752 A. The

UO Distance ( A )
Figure 1. Excited-State Curves From Multireference Calculations.

TABLE 7: Multireference Calculations with cc-pVDZ Basis
Sets (Single Reference for the Ground State)

first 3y curve crossed the secong @irve and approached the

second 3 curve closely at the last point computed, 1.80 A, state R(A) veem?) T. CsUOCls CSUOMNO3)s
despite there being little mixing ofd@! 16! wave functions 0 (ground) ~ 1.668 1103 0 0 0
with 30, 1¢,! wave functions for any of theg2or 3, states. 1g(fluorescent) 1.733 ~ 845 21,421 20,861 21,694
Nevertheless, the pattern of excited-state curves suggested that® ﬂig ggg gg:ggg ggg% gg:zgi
multireference calculations should be done. 33 1.747 898 26,118 26,222 27,062
The mixing of singlet character into the firsf ®ave function 4y 1.755 880 27,983 27,738 29,618
was only 1.3%, but in the secong\Bave function it was 11.8%, 3 31,710 29412 31,262

suggesting that thegl, spin—orbit integral is larger and thes3,

. . ; TABLE 8: Higher Excited States
1¢, exchange integral is smaller than the correspondifig 1 9

integrals, as expected from the CIS results. energy (cm’) state configuration
The single-reference calculations were repeated using the O 0 Ay 303153
cc-pVTZ basis set. The spacing between the excited-state 652 A, 30116t
energies changed very little, but all of the excitation energies 3,976 3, 3091(;;1'
from the ground state increased by ca. 2300 trRresumably 5,703 1P, 30i1g
the ground state, having one more doubly occupied MO than 15.160 1P i li
. L ) u 1710
the excited states, was lowered significantly more by the 15,318 o1, 1719'1 6&
improved correlation treatment afforded by the larger basis set. 15,441 3D, lﬂgmﬁ
The ground-state internuclear distance and vibrational frequency 16,771 1, 1,7131 6§

changed to 1.645 A and 1204 ciy respectively.
Multireference CISD Results. The CISD excited-state  correspond reasonably to the crystalline values; the calculated
calculations were repeated using both316,! and 3r,* 1¢! values are known to be sensitive to further basis set improve-
as reference configurations (triplet and singlet). The fluorescent ments. For the seventh excited-state we fing, atate (mostly
state equilibrium internuclear distance and vibrational frequency 1®g), while the crystalline assignment is,. 2We have not
were 1.733 A (0.065 A longer than for the ground state vs 0.07 studied this state in as much detail as the lower excited states.
A experimentally?) and 867 cm®. The composition of all of The excited states are all subject to Renrtieeller splitting;
the wave functions at this distance is described in Table 6. Thewe investigated this for the fluorescent state. Bending the
24 and 3 states show substantial mixing of thgandg, terms, molecule to 160 raises the energy by 1600 cty but the
as anticipated from their magnetic moment valtfebie mixing splitting between the two Rennefeller components is only
increases at longer distances. The potential curves are showr0.31 cnrl.
in Figure 1 and have no crossings or near-crossings. Odd-Parity States. To survey the lowest energy states of
TheRe values, symmetric stretch vibrational frequencies, and odd parity, we performed MCSCF calculations which included
excitation energies are given in Table 7. Since there are no gas-all odd-parity single excitations from the occupied to the
phase experimental values to compare to, we include theunoccupied MOs discussed above. The orbitals were optimized
experimental crystalline resutfs*3for CUO,Cl; and CsUG- for the lowest state. The UO distance used was 1.736 A and
(NOs)3, with splittings averaged out. The ground-state vibra- the results for the eight lowest states are given in Table 8. Since
tional frequency of 1103 cmi is 272 cnt! more than the no spin-orbit coupling was includedA—S notation is used.
observed crystal value of 831 ci for CUO.Cls. The The lowest odd-parity states come from they'3 19!
equatorial ligands presumably elongate the UO bonds andconfiguration, as concluded experimentah2 The observed
decrease the vibrational frequency. The calculated fluorescent-transition from the first excited state iso@d — 3oy, the
state vibrational frequency of 867 ciis similarly higher than unobserved transition from the ground state would bg <%+
the CsUO.Cl, value of 715 cm'. The excitation energies 3oy The next higher states have the configuratieg'Bp,!.



Relativistic Quantum Chemistry J. Phys. Chem. A, Vol. 103, No. 34, 1998885

TABLE 9: Low Odd-Parity Excited States (CISD use of computational facilities at the Ohio Supercomputer
Calculations at 1.736 A) Center, ANL, and Ohio State University (largely provided by
energy (cm?) state configuration the PNNL grant).
34 588 "
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