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Actinyl lons in Cs,UO,Cly

Spiridoula Matsika and Russell M. Pitzer*
Department of Chemistry, The Ohio State L#msity, 100 West 18th&nue, Columbus, Ohio 43210

Receied: August 23, 2000; In Final Form: October 17, 2000

The electronic energy levels of the uranyl ion (33Q and the neptunyl ion (Np©®") in the crystalline
environment of C8JO,Cl, are studied theoretically and compared with the spectroscopic work of Denning
and co-workers. A layered-cluster computational method is used. The valence electrons of the actinyl ion and
the nearest-neighbor chloride ions are treated explicitly, the closest cesium ions are replaced by all-electron
core potentials, and all ions further away are replaced by point charges. The cluster is approximately spherical
overall and contains 1873 ions. For the electrons treated explicitly, we use relativistic quantum chemical
theory, including relativistic effective core potentials, corresponding-spihit operators, and spirorbit,
graphical unitary group configuration interaction. The effects of the crystalline environment on bond distances,
vibrational frequencies, excitation energies, energy splittings, and wave function character are examined.
Shifts are generally more accurate than absolute values, and the electron correlation treatment is generally
the limiting factor in the accuracy.

1. Introduction application of a cluster approximation to a crystal. The next
step in ionic crystals involves taking into account the Madelung

of nuclear wasté:3 Most actinides in their high oxidation states poFentiaI of the surrounding crystal; this can be done by putting
) point charges around the cluster to represent the crystal

exist as actinyl ions. Theoretical methods for investigating the |- ;o qo-13 o by calculating the external lattice potential using
properties of actinides are advantageous in that it is not necessary, = -1d methol and representing it analytical§-17 This

to deal with radioactive material, but they have some disad- takes care of the electrostatic interactions between the cluster

vantages as well, one of which is the fact that, due to .

computational limitations, large systems are difficult to calculate. gr:d thei.lattlcepbut ?joes POtt%S;%um for zm?/ shfrt-tr.arégi quantum

As a consequence, in the case of actinyl ions, most existing'; eracdlonsl. sgu 030 en(lj h.o[] model potentia have

calculations are for the free ions. Actinyl ions, however, hardly peen developed and used which can represent S ort-ran.ge
interactions without increasing the computational cost dramati-

ever exist in the gas phase; they are either in solutions or in cally. Lattice-relaxation and polarization can also be taken into
crystals. Only uranyl has been synthesized in the gas phase (in Y- P

thermochemical characterization experiméntEhus it would account: More sophisticated methods treat the whole crystal

be useful if theoretical models could incorporate the effects of even more accuratefy. ! .
the crystal or solution environments. In the present work we try to incorporate the crystal

Computational chemistry has advanced considerably in gas-€nvironment effects for two of the actinyl ions, uranyl and
phase studies, where a molecular system can be considered a€Ptunyl. Uranium is the last element in the periodic table
an isolated species. This is not true, however, for condensedoPserved extensively in nature and is the raw material from
phases, where the molecule exists in contact with other Which the subsequent man-made actinides are synthesized.
molecules. Several groups have realized the importance ofUranyl, the mostwell-known actinylion, has been studied since
introducing the condensed-phase environment in calculations,178%*and was involved in the coining of the word fluorescence
A variety of models exist for incorporating the effects of the and the formulation of Stokes L&wand the discovery of
solvent. One widely used approach is to treat the solvent as aradloact|V|ty?4 The green fluqrescence of the first excited state
dielectric continuunf. Other approaches retain the molecular S the most characteristic optical feature of uranyl. Many papers
(microscopic) level of descriptioh. have been published reporting specfés 42 trying to interpret

For calculations of crystal systems there are two common the spectré?#7 or calculating the electronic structure of
approacheds The first approach uses the periodicity of the uranyl*#¢~"* The importance and extent of the work done on
crystal and Bloch’s theorem for translational symmetry. The Uranium and uranyl compounds can be measured by the number
orbitals obtained from such methods are delocalized and are®f POOkS®*7*and review$* ®written on the subject. Some of
best suited for perfect crystals. The second approach follows the most debated matters about the electronic structure of uranyl
the philosophy that when the properties of interest in the systemNave been the ordering of the molecular orbitals (MO's), the
are localized within a small region, one can concentrate one’s Nature of the excited states, and the nature of the bonding. It
efforts in this region and use approximations for the remainder took many years, but the basic characteristics of the electronic
of the crystal. The simplest approach is to consider only the SPectrum of uranyl are now understood.
nearest neighbors and disregard the rest of the crystal. This Neptunium is next to uranium in the periodic table and is

Actinyl ions are important for the understanding and treatment

approach was used by Sugano and Shufmanthe first the first man-made actinide. Studies on the neptunyl ion are
limited compared to those on the uranyl ion. Its electronic
* Corresponding author. E-mail address: pitzer.3@osu.edu. spectrum has been reported and studietf Theoretical
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calculation§8-90 have added to the understanding of the

features of the spectrum. Several of the questions regarding

neptunyl are related to those of uranyl.

The electronic spectroscopy for both uranyl and neptunyl ions

was clarified by the detailed work of Denning et%f.42:47.76.83.84
in CsUO,Cly and CsUQ(NO3); crystals. Absorption spectros-

copy in these particular crystals had been observed prior to

Denning, but not in sufficient detail to make firm assignments
of the observed line¥:81.82Denning and co-workers reported
polarized, single-crystal absorption spectra ofl@3,Cl, and
CsU(Np)O.Cl, at 4.2 K. They were able to assign 12 excited
states for uranyl and 10 for neptunyl. Later they reported two-
photon spectra for GBO,Cls4, which helped them to identify
one more state in uran§?. They used an extensive series of
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Figure 1. CsUOCl, local structure.

spectroscopy was done by doping this crystal with a small
amount of neptunium, G8(Np)O.Cl,.
The X-ray crystallography of GEO,Cl; was first done by

arguments, based mainly on their high-resolution spectra, 0 )| et al92in 1966 and, 25 years later, more accurately, by

assign the uranyl spectrum.

The highest closed-shell MO’s in uranyl, and in actinyl ions
in general, arey, g, oy, andsmy,, which are composed of O 2p
orbitals with some mixing of An 5f and 6d orbitals. These MO’s
are close in energy and it is difficult to determine from
theoretical or experimental results which MO is the HOMO.
The fundamental question, however, is slightly different and is

Watkin et al®3 It has a monoclinic structure, Glpace group,
and unit cell dimensions = 11.929(2),b = 7.704(2),c =
5.816(2) A, ands = 100.02(4). The uranyl ion is linear, as
expected, with a B0 distance of 1.774(4) A; four chlorides
are in a plane perpendicular to the-O—0 axis. The C-U—
Cl angle is very close to a right angle, 92.9he site sym-
metry of uranium iCyy,, close toD2, and moderately close to

from which of these MO’s the excitations occur in uranyl. Dy, The local structure of GEIO,Cl4 is shown in Figure 1.
Previously there had been arguments supporting each one ofCs,UO,Cl, crystals dilute in Np are isostructural to the pure
these MO's. Jgrgenséhargued that the low intensity of the  CsUO,Cl, crystal® This facilitates our calculations, since we
observed transitions was due to the parity selection rule; the only need to model one crystal and then substitute the central
spin—orbit coupling is sufficiently large in actinides that the atom as either U or Np to study the uranyl or neptunyl ion,
spin selection rule seemed unlikely to be able to cause therespectively.

observed low intensities. The orbitals to which the electron is

excited are f (ungerade), so the excitation should occur from 2. Methods

an ungerade orbital. This argument reduces the possibilities to
half, only theo, ands, orbitals being eligible. Gdler-Walrand

and Vanquickenborrié used the crystal field splittings of the
uranyl excited states due to equatorial ligands to decide on the
possible coupling and nature of states involved. Their analysis
showed that\—Sis the most appropriate coupling scheme and
that the orbital from which excitation occurs isog orbital.
Denning et al. confirmed this by pointing out that twice as many
excited states Fesu't ffom excitation as from a, excitation, all-electron potential® Subsequent shells are described by point
contrary to thelrobservatlons._Th_ey used the magnetic momentcharges; for every such U8 unit a +2 point charge is
of the fluorescent state to assign it. This moment was measure%ositioned at the experimental position of U, for every @l

to be. Very close to zero, W.hiCh can oqu occur if the spgtial —1 point charge is used, and for every'Gs+1 point charge
contrlbutlon' cancels the spin contribution. Eor .tWO 'unpalred is used. The need to have an intermediate shell between the ab
electrons this can only oceur 'n%.l state, .W.h'Ch |3n this case initio cluster and the point-charge lattice has been investigated
must correspond to the configuratiody, giving a Ay state. in detail1®*2 If only point charges are used for the lattice, the
Some calculations have been reported with equatorial ligandsinteraction between atoms in the two layers is not adequately
around the uran§y56.596366-68.72.730r neptuny*62.58.89on. The described. Point charges describe the Coulomb attraction or
Iigands varied from fluorides and chlorides to nitrates, Sulfates, repu|sion' but the Short_range interaction within the range of
carbonates, hydroxides, water molecules, and even just pointthe atomic orbitals of the ab initio cluster must be described
charges. A variety of methods was used, with density functional |so. It was fountt that the problem is the most serious in the
theory being the most sophisticated way of including correlation jnteraction between oppositely charged ions. All-electron po-
and four-component methods being the most sophisticated waytentials can describe these short-range interactions adequately.
of inCIUding the relativistic effects. Most of these calculations Point Charges were added to the |attice, retaining its sym-
were primarily concerned with the effect of the Iigands on the metry, until the Made|ung (Ewa|d) potentia| in the region of
bonding and the geometry of the actinyl ions. Interestingly, the central atoms converged. Properties of interest were also
Schreckenbach et & found local minima for UQ(OH),*~ with calculated to make sure that they converged. These were the
a bent uranyl unit only 1819 kcal/mol higher in energy than  An—0O distance in the central actinyl ion, the—-@n—0O
the global minimum. Makhyoufi calculated f— f transitions  symmetric-stretch vibrational frequency, and some transition
for NpO,Cls>~ and NpQ(NOs)s™ using the X, and Slater  energies. Another requirement when deciding where to terminate
transition-state procedurés. the lattice was to try and make the total charge as close to zero
We model the C4JO,Cl, crystal in trying to answer questions  as possible. The lattice chosen has 1873 ions extending to a
concerning the influence of the crystal environment on the distance of 25 A; it is shown in Figure 2.
spectroscop? of actinyl ions. The uranyl spectroscopy was 2.2. Ab Initio Methods. Relativistic effective core potentidfs
done in the pure GEO,Cl, crystal, while the neptunyl are used to reduce the number of electrons requiring explicit

2.1. Crystal Model. The model of the crystal in this work
follows the work of Winter et at®=2! The crystal model is
divided into three layers. The emphasis is on the actinyl ions,
so the central actinyl ion and the four chlorides that surround it
are treated with standard ab initio methods, as described in the
next subsection. In this way both the ligand field and crystal
field effects are incorporated into the calculations. The next
nearest neighbors are six cesium ions. These are described by
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Figure 2. c-Axis projection of the structure of @94O,Cl,.

treatment and to take account of the large relativistic effects in
the core region. The actinide (U or Np) core consists of the 78

1s through 5d electrons, the O core consists of the 2 1s electrons,

and the CI core consists of the 10°P2s2° electrons.
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TABLE 1: Resolution of the Symmetry Species of theD..,
Point Group into Those of the D4, and the Cy, Point Groups

Don Dan Con
Og g 8y

Ty & ag + by
Oy ax by

Ty €y a,+ by
6[1 blU + b2u aU + bU
o <Y ay,+ by

level to obtain the MO’s were th&A, (92, 2@, (¢2), 4 Hy
(BoL0teD), and 4TI, (30.0ieD). In this case the phenomenon
observed in uranyl, of largesng — 3m, single-excitation
coefficients caused by nonoptimum orbitals, was not observed.

In the previous two paragraphs, linear symmetry notation was
used to make apparent the connection between linear symmetry
and the crystal symmetry. In the crystal structure the site
symmetry of the actinides i8,y,; in this lowered symmetry the
orbitals split. Table 1 shows how the linear symmetry orbitals
transform inD4, andCy, symmetries. In the following discussion
we will be using bothD.n and Cy, notation, as appropriate.

Multireference spir-orbit singles-and-doubles CI calculations

The basis sets are contracted Gaussian basis sets which haywere performed using the spiorbit Cl program based on the

been developed in our grotfpfollowing the correlation-
consistent method of Dunnirfg. All are of approximately
polarized doublé; size: U (4sd4p4flg)/[3sd2p2flg], O (4s4pld)/
[2s2p1d], ClI (4s4pld)/[2s2pld].

The MO's for use in subsequent configuration interaction (Cl)

graphical unitary group approach (GUGA) formali€iiThe
references for uranyl were the ground state and t@ and
Soﬁl¢>$ configurations. The references for neptunyl were the
30710, 3021¢:, 30237, 30:10M1¢L, 305167, and 3147 con-
figurations.

calculations were generated from average-of-states self-consistent- |, 5| calculations all the occupied chlorine MO’s were frozen.

field (SCF) or multiconfiguration-SCF (MCSCF) calculations.
It is well-known that actinide atoms in actinyl ions interact more
weakly with the equatorial ligands than with the (axial) oxygen

In the uranyl calculations thes}, 204, 10y, and Ity MO's were
also frozen. There were 5 305 686 double group functions (dgf)
in the CI expansion. Neptunyl has one more electron and many

atoms, so the electronic structure of these ions is primarily mqre references, which increase the computational cost sub-

determined by the axial interactions. Thus in the present crystal

studies we use the information previously obtained for the free
actinyl ions?%%0

The ground state of uranyl has a closed-shell electron
configuration, b220710520 1 1mi2m,30230 (only the U

6s6p5f6d7s and the O 2s2p electrons participate in this
configuration since the others are in the core). The lowest excited

states involve excitations from thez3ddoubly occupied MO to
the unoccupié U f orbitals. In linear symmetry the f orbitals
split into oy, 7y, Oy, ande¢y orbitals. The 5§, and 5%, orbitals

are nonbonding and lower in energy, so the lowest excited state
will involve excitations to these orbitals. This is true in the free

stantially, so the @, Lz, and 3,3 MO’s were also frozen. In
addition, two calculations had to be performed, the first with
the f-type references and the second with the charge-transfer
type references. The resulting sizes of the Cl expansion were
1 649 686 dgf in the first case and 4 665 786 dgf in the second
case. The adiabatic transition energies were calculated for 17
states of uranyl and 12 states of neptunyl.

Additional calculations with more correlation were carried
out for the ground state of the neptunyl ion. These calculations

shave the same number of frozen orbitals as the uranyl ones.

They were performed so that a more direct comparison can be

uranyl ion and has been established both experimentally anddon€ between the two ions. Although such large calculations
theoretically’>76 In the crystal these states continue to be the were not possible for the excited states of neptunyl, they_were
lowest energy excited states and are the ones included in ourPossible for the ground state because the refgrence space is much
calculations. In the free uranyl ion calculations it was found smaller. The number of dgf for these calculations was 6 661 284.
that excitations from 2, to 3w, had large single-excitation The symmetric-stretch vibrational frequencies reported here
coefficients in the Cl expansiof;this is an indication that the ~ were calculated by fitting the potential energy surface along
27, MO’s are not optimum for correlation. The way to improve the An—O coordinate to a quadratic polynomial. Thus, anhar-
these orbitals is to do a £2,3x,) rotation. This can be done by  monicity was neglected. The potential energy surfaces were
a complete-active-space (CAS) MCSCF calculation in the generated by single point calculations where the-@ndistance
(27,,3my) space. In the crystal calculations we followed this was symmetrically stretched or contracted by 0.01 A. There
procedure, so the MO’s were taken from average-of-statesare three modes of vibration in triatomic actinyl ions. The
MCSCEF calculations. The states included in the average weresymmetric-stretch vibrational frequency is given by= (f/
the ground state and the lowest excited states, the latter arisingnp)¥/2, where the force constaritis equal to the quadratic
from the configurations(;’aﬁléllJ and 37l1,1¢j. The natural orbit- coefficient of our quadratic polynomial. The quality of the
als were used. frequencies calculated depends not only on the quality of the
The ground state in neptunyl is formed from a mixture of ab initio methods for calculating the potential surface but also
oL and ¢, configurations. The excited states arise either from on the fitting and the validity of the harmonic approximation.
excitations to another f orbital or, as in uranyl, excitation from Therefore the quality of the calculated frequencies is less than
30, to one of the f orbitals. The states averaged at the SCF that of the calculated bond distances.
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TABLE 2: Ground-State Tetrachlorouranyl SCF Mulliken TABLE 4: U —0 Bond Distances (in A) of the Excited States
Population Analysis of UO22" in Cs,UO0,Cly
gross atomic populations Con CsUO,Cly Uo2+a Do
atom s p d f g total Ay 1.728 1.668 oF
U 2195 5667 1718 2.339 0.003 11.922 By 1.790 1.733 3
O 3851 09131 0042 13.023 Ag 1.789
Cl 7913 23119 0.022 31.054 By 1.792 1.739 ¢
Aq 1.790
TABLE 3: U —0 Bond Distance and Symmetric-Stretch Ag 1.794 1.742 3
Vibrational Frequency for the Ground State of the Uranyl By 1.794
lon as a Free lon and in the CsUO,CI, Crystal gg i-ggg 1.749 P2
system (method) Re (A) vy, cmt AZ 1:804 1.747 3
free ion (SCF) 1.65 1156 By 1.805
free ion (CI) 1.67 1104 Ag 1.807 1.755 ¢
free ion (DHF+ CCSD(T)} 1.715 974 By 1.808
crystal (SCF) 1.72 932 By 1.816 3
crystal (CI) 1.73 968 Aq 1.816
crystal (experiment) 1.774 832 é\g igig 3
a2From de Jong et & P From Watkin et aP®* ¢From Denning ’ ' .
et al40 aFrom Zhang and Pitzét.
3. Results and Discussion section. The ClI calculations for the free ion had all 25 electrons

correlated, but the CI calculations in the crystal had only 15
electrons correlated. This difference in correlation complicates
direct comparisons of the results. The experimeRtadnd v,

are also shown here from the work of Denning and co-
workers?09The largest difference between the free-ion calcula-
tions and the experimental results is due to the different
environment.

But there is still a discrepancy due to the limitation of our
methods. Table 3 includes another theoretical calculation for
the free uranyl ion. These results are from four-component Dirac
calculations (DHF) using the coupled-cluster method (CCSD-
(T)) for correlation®® These methods are more accurate than
the present work and their results are among the most accurate
results reported for uranyl. The difference between their bond
distance and the experimental one (0.06 A) is equal to the
difference between our calculated distances in the free-ion and

DeKock et aFf in their UOF,2~ calculations argue that the crystal calculati_ons_. This is alm_ost true for the same comparison
30, orbital, from which excitations occur, has a reduced uranium USing frequencies instead of distances (142 vs 136'rithis
character in the complex and about 65% fluorine character. SU99€sts that the DHIF CCSD(T) results are very close to the
Denning and co-workef3 find no evidence for this in their true values for the gas-phase uranyl ion and that our calculated
spectrum on the analogous b,2; if this mixing occurred effects of the crystal on the values Bf and v, are accurate.
the U—CI stretch would change significantly from the ground The lowest excited states in uranyl arise from excitation from
to the excited states and would affect the vibrational progressionsthe 3s, orbital to the B, or 1¢, orbitals. The corresponding
for this mode. In their spectrum the+Cl vibrational frequen-  configurations are &10;, 3o.l¢,, and the states iM\—S
cies are almost identical in the ground and excited states; whatnotation are’Ag, *Aq, 3®@g, @4 When spir-orbit coupling is
changes significantly are the+0D modes. Our calculations introduced®Aq givesQ = 1, 2, 3,2A4 givesQ = 2, 3®4 gives
agree with Denning’s conclusion; the3orbital does not have  Q = 2, 3, 4, and®, givesQ = 3. The states with the sani2
much chlorine mixing. Even more, none of the other uranyl value mix, and this makes a multireference CI calculation a
orbitals mix significantly with the chlorine orbitals. necessity. The crystal field, when uranyl is in the crystal, will

Table 3 compares the ground-state-O bond distance and  split all these excited states into two components. The equilib-
symmetric-stretch vibrational frequency for the uranyl ion in rium U—O bond distances and symmetric-stretch vibrational
the crystal with that of the free uranyl ion at the SCF and CI frequencies have been calculated for the 16 excited states and
levels of theory. The effect of the ligands surrounding 2O compared with the free-ion calculations. Table 4 compares the
in the crystal is to stretch the oxygen atoms further away from equilibrium U—O bond distances between the crystal and the
the central U atom and to weaken the bonds. This is shown by free ion. TheQ values D.n double group symmetry) and the
the results in Table 3R(U—0) increases by 0.07 A in the  Cu, double group symmetry for each state are in columns 4
crystal andv; decreases by 224 crhat the SCF level. At the  and 1, respectively. Similarly, Table 5 compares the calculated
Cl level the differences are 0.06 A and 136 dprespectively. symmetric-stretch vibrational frequencies for these states with
The comparison at the Cl level, however, is not as simple. The the calculated free-ion frequenciésand the experimental
calculations for the crystal involve more electrons and more frequencies measured by Denning et’4tom the progressions
basis functions, which results in much larger Cl expansions. in the electronic spectrum. As for the ground state, theQJ
To be able to do these calculations we had to reduce the numbebonds are weaker in the crystal for all of these states. All the
of electrons correlated, as was explained in the methodology excited states of uranyl involve an excitation from a bonding

3.1. UO2". As discussed earlier, the ground state of uranyl
is a closed shell, @ in linear symmetry andy in double group
Con symmetry. It is nondegenerate, so no interaction can split
it.

The Mulliken population analysis for U®" in the crystal is
shown in Table 2 at the distanBg(U—0) = 1.73 A. The charge
on U is+2.078 as opposed t62.423 for the free uranyl ioh
at its calculated minimum. The charge on each G-&511,
while for the free ion it is—0.211. Each of the four chlorides
has a—0.763 charge. The additional electronegative ligands have
decreased the uranium positive charge by a small amount. It is
evident that although the extreme ionic model is useful in
assigning oxidation states and explaining the electronic structure
in these ions, this model is far from reality. Another common
feature in the early actinyl ions is the 6p hole, which appears
in the crystal also; the U 6p population is 5.7 instead of 6.
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TABLE 5: Symmetric-Stretch Vibrational Frequencies (in TABLE 7: Comparison of Excitation Energies (in cm™1) of
cm1) of the Excited States of U@?" in Cs,UO,Cl, UO,2+
Can caled CsUOCly  exptl CsUO,Cl2  caled UQ?™  Don state CgJO,Cl; CsUOCl2 CsUGQ(NOg)® UO2T e U2
Ay 968 832 1103 og o; 0 0 0 0 0
By 885 714.8 867 1, 20 363 20 096 21090 20366 20719
Ay 885 714.6 2 21425 20 861 21 694 20930 21421
By 879 710.3 845 & 3y 22819 22051 22786 22105 22628
Ay 878 696 24 24 699 22578 23474 23154 23902
Aq 874 712 847 3 3, 26 817 26 222 27 062 25448 26118
By 874 710 4 29 157 27738 29618 27 196 27983
Ag 902 717 900 é 3y 32001 30573 31710
By 900 711 24 33834 29412 31262 34705
ég 38‘31 ;gj; 898 # aFrom Denning? with splittings averaged out.From Denning et
Aq 890 705.4 880 4 al.** with splittings averaged out.14 electrons correlated From
By 896 708 Zhang and Pitzet
¢ ggg % TABLE 8: Vertical SCF Transition Energies (in cm %) of
Az 873 680 3 2, Uranyl in the Crystal and as a Free lon
By 872 734+ 5 Con CsUO,Cls U2+ Deoh
2 From Barker et at?> ® From Zhang and Pitzét. A 0 0 5
3, 21524 23691 3Aq
TABLE 6: Character and Excitation Energies of the Excited 3By 22309
States of UQ?t in Cs,UO.Cl, By 28 806 29121 3P,
state A—Sterm Te, cmt Te, c ! (exptlp A 28988
ﬁg ggz;gzg 20 3681 20 035.7 T_abl_e 7 compares the calcylated {ir?d experimental crystal
By 899%3A 20 363 20 097.3 excitations, with their crystal-field splittings averaged out, to
By 79%3A + 10%3D 21013 20 406.5 free-ion calculations. All the calculated transitions are adiabatic.
A 78%°A + 11%3® 21838 21316 The left column has the2 value for each state in linear
Ay 70%°A + 15%3® 22 808 22 026.1 symmetry, the second column has the calculated transitions for
By 719%°A + 14%3 22830 22076 the crystal, the third and fourth columns have experimental
Ag 9%°3A + 74%°3® 24 618 22 406 o .
B, 8%3A + 76%:3D 24 780 22 750 transitions for CgU(_DZCI4 and Csl_JQ(N03)3 respectlve_ly, and
Ag 19%3A + 62%3D 26 763 26 197.3 columns five and six have free-ion calculated transitions. The
By 19%°3A + 61%30 26871 26 247.6 transitions in column six are from previous wdikin these
By 89%3d 29169 27719.6 calculations the MO’s were obtained in the same way, the same
Ay 8% 29145 21757 references were included in the CI, and all electrons were
Z-j ;goﬁlg i Eoﬁg g% ggg correlated. Thus, these calculations are similar to the ones in
Ag 819%1A + 4% 3d 33510 29 277 the crystal except for the number of correlated electrons. To
By 83%?A + 3%3® 34159 29 546 eliminate this difference we performed some calculations for

the free uranyl ion where the same electrons as in the crystal
were correlated. A difference that cannot be eliminated is that
orbital (30y) to a nonbonding orbital. When such an excitation in the crystal calculations there are virtual orbitals from the
occurs the bond weakens and the excited-state potential curveghlorides. Although all occupied chloride orbitals were frozen
move to larger distances and are more flat. This is shown in in the crystal, the virtuals were not, since they mix with the

aFrom Denning®

Table 4. other orbitals and they cannot be separated in a straightforward
As was said earlier, states with the safd@nd parity values way. The results from these calculations are shown in column
can mix substantially. Here these statesg with 3,4 and five and these are the results we will use to compare with the

3A39 with 3(1339. Table 6 shows that this occurs for uranyl in the crystal calculations. By looking at this table we see that the
crystal also. The basic characteristics of these electronic stateshifts of the transitions due to the crystal environment are not
do not change much in the crystal environment. The first 12 Very large, ranging from 3 to 2000 crth This is also true when

excited states are triplets and the next four are singlets. Thiscomparing the two experimental transitions for different crystals.
demonstrates that even in these ions where the—gp'hm: Transitions to the first and elghth excited states are red'ShiftEd,

coup"ng constants are |arge (Ca_ Zooo—é)'n/\—s Coup]ing is while transitions to all the other states are blue-shifted. What is
a useful approximation and Hund's first rule is still applicable. common between the two red-shifted states is that they are pure
The adiabatic excitation energies for the 16 calculated excited A without any® mixing.
states are also shown in Table 6. These are compared with the Differences between the free-ion and crystal calculations
experimental excitation energies from DennifigThe first caused by correlation and spiorbit effects can be eliminated
calculated excited state with mostly singlet character (14th and by comparing the SCF transition energies. The SCF transition
15th states in Table 6) has mosfbycharacter and corresponds energies are not to be taken seriously as absolute numbers; the
to Q = 3 in linear symmetry. In Denning’s work, though, a only purpose of calculating at this level is to make additional
state with mostlyA character an@ = 2 was found. The free-  comparisons. As can be seen in Table 8 the excitations are red-
ion calculations agree with our calculations in this ordering. shifted for both the?’Ay and 3®g states. The shift for théAq
The average difference between our calculated energies and thetate, however, is much larger, as is the splitting. From both
experimental energies is 1450 chIf the last states, where  the SCF and CI results it seems thatstates stabilize in the
the ordering between experiment and theory is different, are crystal more thai states. This effect is even more pronounced
omitted, the average difference drops to 955 &m in neptunyl and will be discussed extensively in that section.
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TABLE 9: Crystal-Field Splittings (in cm ~1) of the Excited
States of Uranyl

state calcd splitting exptl splittiig

0g* 0 0

1 -1 1.6

24 825 910

3y 22 50

24 162 344

3y 108 50

4y —24 37

3y 123

24 649 269

aFrom Denning’®

Denning’s review contains a correlation graph between the
first uranyl excited-state energy and the-O bond length for
different compounds. His observation is that weaker bonds
(longer bond length) raise the energy of theorbital and thus

decrease the energy of the first excited state. The more negative

or basic the equatorial ligands, the more they weaken the bond.
Following this argument, the transition to the first excited state
in the crystal should be at lower energies than that of the free
ion, and this is true in our calculations. It is also true for all
excited states at the SCF level but not at the Cl level. This could
be because more complicated effects drive this behavior or
because our calculations fail to compute all states equivalently.
One effect that the crystal environment has on the electronic
states is to shift the transitions; another one is that it splits the

excited states, so the electronic spectrum has double peaks

instead of single peaks. The crystal field splitting for the excited
states of uranyl is shown in Table 9. Theoretical calculations
can predict this splitting much better than the absolute transition
energies, since the crystal field is a one-electron operator to a
good approximation. Another important point is that the
magnitude of these splittings differs from state to statall&e
Walrand and Vanquickenbortfeanalyzed the splittings of these
states; in the crystal field of the ligandér, the energy splitting

is given by matrix elements

AE = [W(Q) V| (- Q)0

whereW(Q) is the wave function of a stat®. SinceVcg can
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Figure 3. Splitting of the?A, and?®, states due to the crystal field.

TABLE 10: Wave Function Character for the Ground and
Excited States of Neptunyl Doped into Crystalline Cg8U0O,Cl,

state character
1E1/2 86%0 + 3% ¢
2B/ 40%0 + 49%¢
3B 53%0 + 37%¢
4E. 1, 89%¢
5E1/2_j 90% o (3(]5
6E1/31 84%
7E1/2J 68% 00?
8E1/31 83%m
9E1/2u 88% 0 6(]3
10E1/2u 72% 00 2
11E, 92%00¢
12E1/m 84% 0 (5(]3

TABLE 11: Np —O Bond Distance and Symmetric-stretch
Vibrational Frequency for the Ground State of Neptunyl lon
as a Free lon and Embedded in the C4JO,Cl, Crystal

system (method) Re, A vy, et
free ion (SCF) 1.63 1146
free ion (Cl) 1.66 1059
crystal (SCF) 1.69 920
crystal (CI) 1.70 950
crystal (exptl) 1.7% 802

aFrom Makhyouf? (estimated)® From Denning et &t

andg, orbitals split as shown in Table 1, butDy, only thed,
orbitals split. Since the symmetry is closeDg, the d,, orbitals
split more than thep, orbitals. From an SCF calculation the
splitting for thed, orbitals is ca. 800 crt and the splitting for
the ¢y orbitals is ca. 200 crit. Figure 3 shows the energy levels
for these states at the SCF level of theory. After the crystal
field splitting, the separation between the lower component of

be approximated as a sum of one-electron operators, the splittingd, and the lower component @f, is larger than that for the

will be zero to first order in perturbation theory unleégg<)

and W(—Q) differ by only one spin-orbital. This is true for
two-electron wave functions only if the coupling /8—S if

one of the orbitals is & orbital, and if the projection of total
spin, Y, is zero. For uranyl, wher¥cr is fourfold, this is true

for the state$A,q and 1Ay, From Table 9 we see that these
states (third and last states in the table) have large splittings;
both of them have2 = 2. The other state witl2 = 2 (fifth

free neptunyl ion. Another reason the separation is enlarged in
the crystal is that the equatorial ligands will destabilize ghe
orbitals more than thé, orbitals. Since thep, orbitals are
localized in the equatorial plane while thgorbitals have lobes
above and below this plane, equatorial ligands have a more
repulsive interaction with electrons ig, orbitals than with
electrons ind, orbitals. This separation is important for the
ground-state charact® When this separation is small tiig

state in the table) can mix with these states and has a largecharacter dominates the ground state, but when it is large the

crystal field splitting as well.

One of the questions with regard to the electronic spectrum
of uranyl in the CaUO,Cl, crystal is at what energies the first
excitations from CI orbitals occur. We performed some very
simple single-excitation CI calculations in order to answer this
question. In these calculations the first excitations with sub-
stantial chlorine character start at approximately 33 000cm

3.2. NpQ,2*. The ground state of the free neptunyl ion has
been discussed previoushit hasQ = 5/2 and is a combination
of 2As/o, and?®s,y A—Scomponents. In the absence of spin
orbit coupling, the?A,, state is lower than th&D, state. Spir-
orbit coupling splits theéd,, state more than th&\,, and the
result is that the lower component%b, becomes the dominant
component of the ground state. Gy, symmetry both thej,

dy character dominates. In the free neptunyl ion the first was
true, but when it is doped into the €#0,Cl, crystal the latter
becomes true. At the SCF level in the crystal this separation is
found to be ca. 5500 cm. The corresponding separation for
the free ion at the SCF level is 3000 cinAs shown in Table
10, the ground state of neptunyl in the crystal is 86%This
is consistent with earlier EPR experimePitswhich give
different g factors for Np&+ in CsUO,Cl, and CsSUQ(NO3)s.
Although the crystal environment affects the character of the
neptunyl ground state in a major way, its affect on the changes
in the neptunyl equilibrium bond distances and symmetric-
stretch vibrational frequencies is modest and similar to the
changes for uranyl. This is shown in Table H. (Np—O)
stretches by ca. 0.06 A at the SCF level and 0.04 A at the ClI
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TABLE 12: Ground-State Tetrachloroneptunyl SCF
Mulliken Population Analysis at R(Np—0) = 1.69 A

J. Phys. Chem. A, Vol. 105, No. 3, 200843

TABLE 14: Adiabatic Excitation Energies (in cm~1) for
NpO22* Doped into CsNpO,Cl, Crystal

gross atomic populations state  CNpOCly CsNpO.Cly(exptlp  NpO2TP  NpO2*e©
atom s p d f g total 1E1 0 0 0 0 0
Np 2.218 5.633 1.721 3.434 0.004 13.011 %E“m 1663 1000 573 447
O 3840 9027 0046 12.914 12 5775 6880.4 5092 5515
Cl 7914 23140 0021 3t075 2w 8463 7990 6221 6565
' ’ ' ’ 5E1/0 18 236 13 264.9 17 992 12 622
TABLE 13: Np —O Bond Distances,R, for All the f 1 States EEM %g igg i; igé'i g‘ll %é ig ggg
and the First Charge-Transfer State of the Neptunyl lon u :
Doped into Crystalline CsUO,Cl, 8E1/ 20575 20080.8 26 983 28 909
9By 20839 15683 20593 15418
state character Re, A 10E1/2 21115 16 799.8 22 145 16 664
. . 11E;, 23912 26559 18676
%Ezz ?18023 i 2£/f¢ 1;;2 12Ey,, 26862 19375.2 26948 21580
3Eum 53%0 + 37%¢ 172 aFrom Denning et &38 b Adiabatic transitions, seven electrons
4Ey2, 89%¢ 172 correlated¢ Vertical transitions, 15 electrons correlated.
6E1/2 84%x 1.75
8E. 83% 1.75 .
EEun, 900/zgé¢ 178 gives the double group symmetry for each state (same for all

level andv, decreases 226 crhat the SCF level and 109 crh

states), the second column gives the calculated transition
energies, the third column gives the experimental transition

at the Cl level. As was mentioned in connection with the uranyl energies from Denning et #84the fourth column gives the
ion, the SCF comparisons are more informative about the crystalfree neptunyl ion transition energies calculated at the same level
effect because the Cl calculations for the free ion and the crystalas the crystal calculations, and the fifth column gives the free
are not completely equivalent. The Cl calculations were neptunyl ion transition energi€8. Thus, column four has
performed only for the ground state, had 15 electrons correlated,adiabatic transitions, as does column two, which gives the

and were equivalent to the ones for uranyl in the crystal.

The Mulliken population analysis for neptunyl in the crystal
is shown in Table 12 aR{(Np—0) = 1.69 A. It is taken from
an average SCF for ti and?® states. The charge on Np is
+1.989 as opposed t62.345 for the free neptunyl ion and
+2.078 for U in the crystal. The charge on each G-3.457
and on each Cl is-0.769.

The neptunyl excited states are of two types:ff where
an electron in an f spinorbital has been excited to another f

calculated crystal transition energies. Furthermore, seven elec-
trons were correlated as was done for the crystal.

A disappointing observation is that for many of these
transitions the free-ion calculations give better agreement with
the experimental values. This can be attributed to the fact that
the CI calculations for the free ion have more correlation than
the crystal calculations. This becomes more obvious when
looking at the calculations in the fourth column. Calculating
excited states is a difficult task; one has to pay much attention

spin—orbital, and charge-transfer where an electron in a bonding to treating all states equally. The MO’s must be balanced for
orbital has been excited to a nonbonding f orbital. According all states and the references must include all the same states.
to these definitions, all the transitions in uranyl are of charge- Furthermore, the excitation energies seem to be very sensitive
transfer type. The name “charge-transfer” means that there isto correlation. Comparing the two columns for the free ion with
transfer of an electron (charge) from an oxygen orbital to an different levels of correlation, we see that the charge-transfer
actinide orbital. The &, orbital, however, from which the states are much more sensitive to correlation than are the f states.
excitations occur, is not a pure oxygen orbital. It is a mixture This should be expected since in charge-transfer transitions the
of both oxygen and actinide character with considerable bonding occupation of the f orbitals changes. To draw some conclusion
character, and the actinide character is larger than the oxygenas to what the effect of the crystal is on the transition energies
character, approximately 7B0%. Thus the traditional nomen-  we should compare the second column with the fourth column
clature exaggerates the charge shift. Table 13 showsRthe  where the calculations are similar. The transitions between states
(Np—O) distances for some of the excited states of neptunyl in in the ., ¢) space for the free ion are lower than they are in
the crystal. The first four states each have a single electron inthe crystal, while the transitions to thg states are higher in
a nonbonding Np f orbital and have similar bond distances. The the free ion than in the crystal. We said earlier thatdherbitals
fr orbitals, however, mix with the oxygen orbitals in an in the crystal split more than the,, that the¢, orbitals are
antibonding way and the states arising from occupation of theseraised more than thé&, orbitals, and that the ground state has
orbitals are higher in energy and have larger bond distances,more 6, character. Thus the ground state in the crystal is
indicating a weaker NpO bond. The last state in the table is stabilized compared to the other states with mgyreharacter
the first charge-transfer state and the bond distance is evenand this is why the transition energies in this manifold increase.
longer since the bond is even further weakened. The results forlt is not simple to draw any conclusion about the effect of the
the free neptunyl ion were very simil#.The calculations in crystal on the charge-transfer transitions.
this table, as well as the calculations in Table 14, to be discussed To eliminate as many parameters as possible we will compare
later, are multireference CI calculations with only seven some SCF results, as was done in the uranyl case; the results
electrons correlated. The correlation included in the calculations illustrate the effects of the crystal field, but do not include the
of excited states of neptunyl was less than that included for extensive mixing effects of the spiorbit interaction, so that
uranyl, for the reasons discussed in the methodology section.comparisons with Table 14 are not easily made. Thus Table 15
Unlike the uranyl excited states, the neptunyl states are notcontains SCF vertical transition energies calculated at the
split by the crystal field. In the linear ion they are Kramers equilibrium Np—O SCF distance (1.63 A for neptunyl and 1.69
doublets, so they cannot split further. All of them transform as A for neptunyl doped in the crystal). The excitations in thg (
the same irreducible representationGs, Ei/2,. The adiabatic ¢u) manifold agree with our discussion about the CI results;
excitation energies are shown in Table 14. The first column the lowering of thed, orbital increases the transition energies.
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