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Prediction of Vibrational Frequencies of UO,2" at the CCSD(T) Level
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Electronic structure calculations at the coupled cluster (CCSD(T)) and density functional theory levels with

relativistic effective core potentials and large basis sets were used to predict the isolated uranyl ion frequencies.

The effects of anharmonicity and spiorbit corrections on the harmonic frequencies were calculated. The
anharmonic effects are larger than the sgonbit corrections, but both are small. The anharmonic effects
decreased all the frequencies, whereas the-spibit corrections increased the stretches and decreased the
bend. Overall, these two corrections decreased the harmonic asymmetric stretch frequency Bythecm
symmetric stretch by 3 cm, and the bend by 3 cm. The best calculated values for FOfor the asymmetric
stretch, symmetric stretch, and bend were 1113, 1032, and 174 mespectively. The separation between
the asymmetric and the symmetric stretch band origins was predicted to be8idrith is consistent with
experimental trends for substituted uranyls in solution and in the solid state. The anharmonic vibrational
frequencies of the isoelectronic Th@olecule also were calculated and compared to experiment to calibrate
the UQ?" results.

Introduction ubiquitous ligands such as @8, NO;~, CO2~, and the
halides!3-16.18.19

An important issue for understanding as to how ligands affect
the vibrational spectrum of the ion is the value of each of the
three vibrational frequencies that describes isolated uranyl. The

There is substantial interest in the behavior of the uranyl
dication due to the role that it plays in many different
technological regimes from energy production to waste storage.

Vibrational spectroscopy of uranyl has been used to determmecmical frequencies for comparison with experiment are the

:Ee It.ypez of IL%ands bolr}ded to ulramzljas w el as :L]ettaf]fect of symmetric and asymmetric stretches, and improved values are
ed!gan on the urany riquljen'ct;es.' n:;- ISSUe 1S f?] 'erle argneeded for the harmonic value and the fundamental including
no direct measurements of the vibrational spectra of the isolatedy, ¢ 51 of anharmonicity. Although a number of computational

ion. There havg be_en many measurements, howeve_r, of thegy gies previously were performed, we focused on three studies
spectra of the ion in solution when complexed to different

> 11 with the results summarized in Table 1. de Jong and co-
ligands:~** More recently, the spectra of complexes of uranyl |\ o arg0 performed benchmark calculations on B¥Oat a

with different ligands were observed in the gas phase through  arjety of levels. The largest calculations were performed at
a combination of electrospray ionization, Fourier transform ion o Dirac—Hartree-Fock plus coupled cluster single and double
cyclotron resonance mass spectrometry (FT-ICR-MS), and gycitations plus a perturbative correction for triples (CCSD-
infrared multiphoton dissociation using the FELIX free electron (T)) leveP'=24 with the U(6s, 6p, 6d, 5) electrons correlated as
laser. The combination of these techniques has enabled the || as the O(2s, 2p) electrons. In addition, these workers studied
spectra of uranyl complexed to acetone and acetontrile as wellye yse of density functional theory (DFT) with the local and
as other ligands to be measuréd. B3LYP exchange-correlation functionals in combination with
At the same time as the advances in experimental techniquesdifferent effective core potentials (ECP) and basis sets. Gagliardi
there was a comparable advance in electronic structure methodsind Roo%° performed complete active space plus second-order
for the treatment of actinides. Until recently, computational perturbation theory (CASPT2) calculations on the frequencies
studies of heavy elements, particularly actinides, were chal- of UO,2". The CAS was a (12/12) calculation. They used the
lenging because of the large number of electrons and the Stuttgart ECP and basis set for U withaufunctiong®2? and
importance of relativistic effects. However, with the develop- the ANO-s (4s3p2d§ and ANO-L (4s3p2d1f) basis functions
ment of density functional methods and relativistic effective core on O2° They also reported results for the B3LYP functional
potentials, the treatment of actinide-containing complexes haswith the 6-311G** basis set on O. ClavagaeSarrio et af°
become more routine and the results more relizbl¥. There studied the use of different exchange-correlation functionals in
have been numerous studies of uranyl complexation with combination with the small core Stuttgart pseudo-potential for
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TABLE 1: Calculated Bond Distances (A) and Harmonic Frequencies (cmt)

method Re asymmetric stretch symmetric stretch  A(A—SP bend ref

CASPT2/ANO-s 1.714 1153 1043 110 25
CASPT2/ANO-L 1.705 1066 959 107 25

DHF + CCSD/VTZ+ cc-pVTZ 1.697 1186 1041 145 180 20

DHF + CCSD(T)/VTZ+ cc-pVTZ 1.715 1121 974 147 164 20
CCSD/avVTZ(1) 1.6800 1175.7 1093.3 83 198.7 this work
CCSD(T)/avTZ(1) 1.6984 1108.5 1019.4 89 176.7 this work
CCSD(T)/aVTZ(2) 1.6941 1119.9 1027.6 92 184.4 this work
CCSD(T)/avQZzZ(1) 1.6924 1123.6 1030.8 93 180.9 this work
CCSD(T)/avQZz(2) 1.6898 1120.0 1035.3 85 178.4 this work
B3LYP/ECP+ DZP + diff 1.705 1140 1041 99 161 30
B3LYP/ECP+ TZVP 1.696 1142 1049 93 163 20
B3LYP/aVTZ(1) 1.6935 1137.3 1046.2 91 165.6 this work
B3LYP/SO/aVTZ(1) 1.6950 1138.9 1049.7 89 162.7 this work

a Difference between asymmetric and symmetric stretching frequenciesih cm

TABLE 2: Calculated Anharmonic Fundamental Frequencies (cn?) for UO 2"

mode asymmetric stretch symmetric stretch A(A—Sy bend

CCSD/aVvTZ(1) 1168.8 1087.2 81.6 197.9
CCSD(T)/aVTZ(1) 1100.7 1012.8 87.9 175.8
CCSD(T)/avVTZ(2) 1111.6 1020.5 91.1 183.2
CCSD(T)/avQz(1) 1115.4 1023.9 915 179.7
CCSD(T)/avQZz(2) 1111.4 1028.1 83.3 177.4
CCSD(T)/SO/avQZ(®) 1113.0 1031.6 81.4 174.5

B3LYP/SO (ref 30) 1132.7 1033.9 98.8 169.5

a Difference between asymmetric and symmetric stretching frequenciesin t@btained by adding correction from spiorbit DFT calculations
to CCSD(T)/avVQZ(2) anharmonic frequencies.

TABLE 3: UO ;2" Vibrational Anharmonicity Constants? calculate the harmonic frequencies and anharmonic corrections
method X1 Xoo  Xas  Xio Xz Xos from the usual second-order perturbation theory expressfons.
CCSD/avTZ(l)  -135 —012 —158 063 559 —0.94 Additional CCSD(T) calculations on this same three-dimensional
CCSD(T)/avTZ(l) —1.35 —0.11 —1.83 —0.73 —6.23 —1.11 grid also were carried out with the newer segmented basis set
CCSD(T)/avTZ(2) —1.45 —0.15 —1.93 —0.89 —6.52 —1.19 for U of the form (14s,13p,10d,8f,69)/[10s,9p,5d,4f,3g] and the
CCSD(T)/avQZ(1) —1.43 —0.18 —1.90 —0.82 —6.43 —1.22 aVTZ basis on (%27 We labeled this basis set as aVTZ(2).
CCSD(T)avQz(2) —1.54 —0.02 —1.89 —0.85 —6.66 —1.51 Two additional grids were calculated by adding a set of two
- X: 1is symmetric stretch, 2 is bend, and 3 is asymmetric stretch) optimizedh functions (exponents: 1.7696 and 0.7134) and a
in cm™*. For definition ofX;, see ref 50. set of i functions (exponent= 1.2525) to the U basis set
) . . ] ] (optimized for the’l 5f* state of U in averaged coupled pair
uranium and a polarized doubeplus diffuse function basis  fynctional calculations), both for our original [8s,7p,6d,4f,2g]
set for oxygen with the 1s electrons treated by a pseudo- get ang the newer [10s,9p,5d,4f,3g] basis set, with the avQZ
potential** Of interest to our study is the fact that they predicted i< set on O. These basis sets were labeled as avQz(1) and
]Ehe tgnha:rmonlc contributions to YO with the B3LYP aVvVQZ(2), respectively. To calibrate the uranyl ion calculations,
unctional. . . analogous calculations on Th@lso were carried out at the
The vibrational spectrum of the isoelectronic neutral ThO CCSD(T) level with the aVTZ(2) basis set. These latter

molecule was observed in both #&#2and Né* matrices, and . . L ;
two stretches were observed, confirming that the molecule was calculations involved a grid with a total of 47 symmetry-unique

bent. Thus, Th@can serve as an additional benchmark of the geometries. ) ) ) . )

computational approach. DFT calculations also were carried out with the previous basis
set with the B3LYP exchange-correlation functidfdt with

Calculations the programs Gaussianf@and NWChent344Two-component

spin—orbit relativistic ECP DFT calculatiorf$, with the ap-
propriate Stuttgart one-electron spiarbit potentials included
variationally, were performed with NWChem.

The current CCSD(T) calculations were performed with the
program system MOLPRO 2006%Lon the University of
Alabama Opteron-based Parallel Quantum Solutions Linux
cluster computer. As in the previous calculations by de Jong et . .
al., we correlated 24 valence electrons in the CCSD(T) calcula- Results and Discussion

tions. We used the small core RECP and sqrbit potential . . . .
from the Stuttgart group with the associated basis set on U The calculated harmonic frequencies are given in Table 1,

augmented by 2 functions [8s,7p,6d,4f,2§1%2635(q expo- and the anharmonic fundamentals are shown in Table 2. The

nents= 0.42 and 1.18) and the aug-cc-pVTZ [5s,4p,3d,2f] on anharmonicity constants are explicitly shown in Table 3.

0237 We labeled this basis set as avTZ(1). We calculated the ~ The harmonic frequencies exhibited interesting behavior. Our
CCSD(T) energies (30 symmetry-unique points) on a three- calculated asymmetric stretch was predicted to be 1108 cm
dimensional grid in terms of the bond lengths and bond angles. at the CCSD(T)/aVTZ(1) level. This can be compared to the
These energies were fit to polynomials in displacement coor- value of 1121 cm! calculated at the DHR- CCSD(T) level
dinates, and the resulting full quartic force field (with selected of theory. The difference of 13 cm is within the differences
quintic contributions) was used in the program SUREID expected due to the use of different basis sets and the different
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TABLE 4: ThO , Harmonic and Anharmonic Fundamental Vibrational Frequencies in cnr?

method R2 0L asymmetric stretch symmetric stretch bend
CCSD(T)/aVTZ(2) 1.9054 116.47 809.9 755.4 165.1
Harmonic
CCSD(T)/aVTZ(2) 805.1 751.6 164.1
Anharmonic
CCSD(T)/SO/aVTZ(2) 807.7 756.0 165.3
B3LYP/SO/aVTZ(2) 1.8992 119.23 822.5 770.4 156.1
experimertte (Ar) 122.54 2¢ 787.4 735.3
experimerit(Ne) 808.3 756.8

aBond distance in angstrom&Bond angle in degree$Obtained by adding correction from spiorbit DFT calculations to CCSD(T)/aVTZ(2)
anharmonic frequencie$Ref 32.¢ Ref 33.f Ref 34.

treatment of the relativity. What is of interest is that the bond 3.5 cntl. The effect of the spirorbit on the bend was to
distance does not correlate exactly with the harmonic frequency.decrease the frequency by just 2.9 @mThus, spir-orbit
The longer bond distance obtained at the DHECSD(T) level effects on the harmonic frequencies were smalkdhoand co-
has a higher asymmetric stretching frequency than the calcula-workerg® reported that the spirorbit correction at the DFT
tion with the shorter bond distance at the CCSD(T)/aVTZ(1) level’” with gradient corrected functionals is smaH3 cn?,
level. The symmetric stretch is, however, smaller in the former and opposite to the direction we found.

case. A similar result was found by Gagliardi and R&osho The calculated fundamental frequencies (i.e., including an-
addedf functions to the O atom and obtained a shorter bond h5rmonic effects) are shown in Table 2, and the associated
distance by 0.009 A and a surprising decrease in the asymmetricanharmonicity constant§; are given in Table 3. The latter are
stretch frequency of 87 cm. The effect of the (T) correction o1 relatively small and negative, indicating only small overall
is essentially the same for the DHF-CCSD(T) and ECP-CCSD- gte s due to vibrational anharmonicity. The asymmetric stretch

(T)_cla_lculations, a lowering of 65 cmin the former and of 67 o< cajculated to decrease by just 7.8&mn incorporation
e *in the Ia_ttter. . ) . of anharmonic effects at the CCSD(T)/aVTZ(1) level. The
The behavior of the symmetric stretching frequency, which symmetric stretch has a slightly smaller change of 6.6%cat

lies below the asymmetric stretch, shows a larger variation on ye same level of theory. The bend is predicted to decrease by
the electronic structure method than does the asymmetric stretchonly 0.9 cnr at the CCSD(T)/aVvTZ(1) level. Essentially the

In particular, the difference between the symmetric and the o, 6 changes were predicted at the CCSD/aVTZ(1) ievel of
asymmetric stretch varies depending on the method. At the theory, and these small effects were borne out by the small

. i I ;
dCASP'(Ij’Z Itevelkt't]hebdlfferentce rsll?hch h‘iﬂd IS (r;.o'.[ dstrcl)rflgly calculated anharmonicity constants. The anharmonic effects at
ependent on Ihe basis set, even though the Individual IrequeNy, o g3) vp jeveto for the two stretches are comparable to the

cies are very sensitive. At the DHF level, the difference 1215 ccs
~ . . D(T)/avVTZ(1) and CCSD/aVTZ(1) values. The B3LYP
1
cm~tatthe CCSD and CCSD(T) levels. With the aVTZ(1) basis functionaf® surprisingly predicts the bend to increase byS8

set, we found a difference of 83 cthat the CCSD level and = inclusion of anh ic off hi Id h
89 cnt! at the CCSD(T) level. The different B3LYP values cm - upon inclusion of anharmonic e ect;. This could, perhaps,
be due to the sensitivity of the bending frequency to the

ranged from 90 to 100 cmi. Thus, all of the differences computational convergence parameters in the DFT calculations
obtained with an ECP-based approach fell in the range of 80 Overall, the anharmonic effects on the two ¥Ostretching

110 cnTl. Within a given approach, the symmetric stretch does :
depend on the €0 bond distance, but different methods can modes were less than 10 ciso the comparison of calculated
i d harmonic values to experimental fundamentals would be

give quite different symmetric stretches at the same bon d d ithin about 10Gfth
distance. For example, the CASPT2/ANO-s calculation predicts expected to produce agreement to within about €

a bond distance of 1.714 A and a symmetric stretch of 1043 harmonic values were predicted exactly.
cm! as compared to the DHF-CCSD(T) value of 974 ¢érat We next improved the quality of the basis set to aVTZ(2).
a bond distance of 1.715 A. Similarly, the CASPT2/ANO-L The asymmetric stretching fundamental increased by cnt?,
calculation predicts a bond distance of 1.705 A and a frequency and the symmetric stretching fundamental increased-By
of 959 cnt?, whereas the B3LYP value of the frequency at the cm?, both consistent with the bond distance slightly decreasing.
same bond distance is 1041 cin The fundamental bend also was predicted to increase. The

The bending frequency ranges from 160 to 200 &nand addition of the 2 andi functions to aVTZ(1) led to a shortening
all of the methods where the bends are reported predict a linearof the U-O bond distance as expected and an increase in the
structure. We note that the CCSD(T)/aVTZ(1) results predict a fundamental stretching frequencies by 14.7 “&nfor the
bending frequency that is 13 crhhigher than the DHF- asymmetric stretch and 11.1 cinfor the symmetric stretch.
CCSD(T) value. The bend only increased slightly. Addition of thie @ndi basis

We next estimated the spitorbit correction for the harmonic ~ functions to the avVTZ(2) basis set to give the AVQZ(2) basis
frequency at the spinorbit DFT level. The calculations were ~ Seét led to no change in the asymmetric stretch, an increase of
performed with the B3LYP exchange-correlation functional and 7.6 cnt in the symmetric stretch, and a decrease of 5.8%cm
the same basis set and ECP as used for the CCSD(T)/aVTZ(1)in the bend. As a consequence, the difference in the symmetric
calculations. The bending frequency was very sensitive to both and asymmetric stretch was reduced to 81.4cfrom 91.1
the geometry and the energy convergence in these calculationsm ! with the aVTZ(2) basis set. Our best estimated values for
since it was calculated numerically. Hence, very tight conver- the fundamental frequencies were at the CCSD(T)/SO/avQz-
gence thresholds were required for all of the computational (2) level, where the spinorbit correction was taken from the
parameters including the integrals. The effect of the spitbit SO-DFT calculations and are given in Table 2. The effects of
was to increase the asymmetric stretch by 1.6 cmand to anharmonicity are small: 8.6 crhfor the asymmetric stretch,
increase the symmetric stretch by more than double this amount,7.2 cnt? for the symmetric stretch, and 1 cfnfor the bend.
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The spin-orbit correction is even smaller and in the opposite predicted a splitting of 81.4 cnd. Thus, we suggest that the
direction, leading to an increase in the stretches. splitting for the symmetric and asymmetric stretches in the bare
To test our approach, we also calculated the fundamentalion UO,** should be 88-85 cnm™. We also note that the bending
frequencies for Th@ ThO, was predicted to be bent with a frequency is sensitive to the method and to the actual criteria
bond distance of 1.9054 A and a bond angle of 116athe used in the calculations. We found that the accuracy criteria

CCSD(T)/aVTZ(2) level. This is in agreement with the experi- Can cause variations in the bending frequency by up to 3¢-cm
mental observation of two stretching fundamentals in an infrared in DFT calculations. This can present issues when one is looking
study of matrix-isolated Thg?2-34 The calculated frequencies ~ at the de_V|at|on of uranyl from linearity in the presence_of
at the CCSD(T)/aVTZ(2) level are given in Table 4 and different ligands, so one shou_ld be carefu_l in such calculanon_s
compared to the experimental values from th&A¥and Né* to ensure that there are no artifacts being introduced by the grid
matrices. The anharmonic correction is even smaller for;Tho ©F the convergence criteria.

than for UQ2" with the asymmetric stretch reduced by 4.8
cm™1, the symmetric stretch by 3.8 crh and the bend by 1
cm~1as compared to the respective harmonic values. The-spin ; - . -
orbit DFT corrections are small and in the opposite direction for ThC, In a Ne_ matrix. This v_vork was supported In part .bY
to the anharmonic corrections, increasing the asymmetric stretchthe,ChemICaI .S(:|ences, Ggosuences, and Biosciences Division,
by 2.6 cnT?, the symmetric stretch by 4.4 crh and the bend Office of Basic Energy _Suences, U.S. Department of Energy
by 1.2 cnl. As in UO2", the spin-orbit correction for the (DOE) under the Geqsmences program. D.A.D. also thanks the
asymmetric stretch is smaller than for the symmetric stretch. Robert Ramsay C_halr Fund of The Unlversr[_y of Alabama for
The agreement with the Ne matrix valgéss excellent, with support. Part of t.h's Wor'k. was performed using the; Molecular
the two stretching frequencies predicted to within 1 érof Science CO”TP”““Q Facility at the W'. R. Wllr_ey E_r_wwonmen_tgl
the experimental values. The addition of higher angular Molecular Sciences Laboratory, a national scientific user facility

momentum basis functions probably would raise the symmetric sponsored by the DOE’s Office oflll3|olog|cal and Enylronmental
stretch by a few cmt on the basis of the U@* results. The Research and located at the Pacific Northwest National Labora-

comparison of our results with the Ne matrix values indicate tory, operated for the DOE by Battelle.
that there is likely to be only a small matrix effect due to Ne
and an Ar matrix effect of about 20 ¢y reducing the stretching

frequencies. The results for TAGupport the quality of the (1) Allen, P. G.; Bucher, J. J.; Clark, D. L.; Edelstein, N. M.; Ekberg,
UO,2* results and demonstrate that our results at the CCSD- S. A.; Gohdes, J. W.; Hudson, E. A.; Kaltsoyannis, N.; Lukens, W. W.;

Neu, M. P.; Palmer, P. D.; Reich, T.; Shuh, D. K.; Tait, C. D.; Zwick, B.
(T)/SO/avQZz(2) level for UG" should be good ta:5 cni . D. Inorg. Chem.1995 34, 4797.

; it i (2) Docrat, T. I.; Mosselmans, J. F. W.; Charnock, J. M.; Whiteley,
Fro”.‘ the prewo'us results, it is C"?‘f"r that the harm.omc M. W.; Collison, D; Livens, F. R.; Jones, C.; Edmiston, Minbrg. Chem.
stretching frequencies for U8 are sensitive to the correlation 199935 1879,
treatment, the basis set, and the treatment of relativistic effects.  (3) Amayri, S.; Arnold, T.; Reich, T.; Foerstendorf, H.; Geipel, G.;
Comparison of the results at the CCSD(T)/aVTZ(1) level shows Bernard, G.; Massanek, &nviron. Sci. Technol2004 38, 6032. Amayria,

that the CCSD method overestimates the values by a substantiaﬁgogei%a’sg'}.AmOIdb’ T.; Geipelb, G.; Bernhard, X3Solid State Chem.

amount. The CCSD(T) values for the asymmetric stretch are in - (4) Frost, R. L.; Erickson, K. L.; Weier, M. L.; Carmody, O.; Cejka,
the range of 11001120 cm! and do not show much  J.J. Mol. Struct.2005 737, 173.

dependence on whether an ECP is used or if the relativistic Cheﬁ)lgé%oigr'l%ﬁ”* Huang, C.-H.; Sylwestrowicz, J. Inorg. Nucl.
effects are included at the DHF level. Once a reasonable size ™ (g) Nguyen-Trung, C.: Begun, G. M.; Palmer, D.lAorg. Chem1992

basis set is reached (aVTZ(1)), the frequencies are not strongly31, 5280. '
dependent on the quality of the basis set. The CASPT2 values_, (7) Jones, L. HSpectrochim. Acta959 14, 409. Jones, L. HJ. Chem.

. . . Phys.1955 23, 2105. Jones, L. H.; Penneman, R.JAChem. Physl953
show that there can be a substantial underlying basis sety; 4>
dependence for the asymmetric stretch. Although it is difficult (8) Quiles, F.; Burneau, AVib. Spectrosc1998 18, 61.
to draw a definitive conclusion due to the use of different basis (9) Gd, M.; Goggin, P. L.; Mink, JSpectrochim Actd992 48A 121.
sets, it appears that the CASPT2 method underestimates the, (1) McGlynn, S. P.; Smith, J. K. Neely, W. C.Ghem. Phys1961,
harmonic stretching frequencies. The DFT B3LYP values, '(11) 'qark, D. L.; Conradson, S. D.; Donohoe, R. J.; Keogh, D. W.;
however, show little dependence on the basis set for this stretchMorris, D. E.; Palmer, P.; Rogers, R. D.; Tait, C. Borg. Chem.1999

38, 1456.

Z‘r;? are abgUt 20 cm ﬁbove the CC_SD(TgI/atYQZ(Z) Valu.e' The h (12) Groenewold, G. S.; Gianotto, A. K.; Cossel, K. C.; Van Stipdonk,
: Iifference between the asymmetric and the s_ymmemc stretchy, J.; Moore, D. T.; Polfer, N.; Oomens, J.; de Jong, W. A.; Visscher, L.
is very dependent on the method. Essentially, all of the J. Am. Chem. So2006 107, 4802.
calculations with an ECP predicted a separation of 800 (13) Kaltsoyannis, NChem. Soc. Re 2003 32, 9.

1 . : (14) de Jong, W. A.; AprgE.; Windus, T. L.; Nichols, J. A.; Harrison,
cmL. The CASPT2 calculations predicted a value of around R. J.: Gutowski, K. E.. Dixon, D. AJ. Phys. Chem. 2005 109, 11568.

110 cnt?, whereas the DHFCCSD(T) results predicted a (15) Schreckenbach, G.; Hay, P. J.; Martin, R.J..Comput. Chem.
separation of close to 150 crh This latter value seems to be 1999 20, 70.

; ; (16) Hay, P. J.; Martin, R. LLos Alamos Sci200Q 26, 382.
too high ar_1d may be due to the somewhat smaller basis s_et that (17) Hay, P.J.. Martin. R, L. Schreckenbach.JaPhys, Chem. 200Q
was used in that case. Experimental results for mono-, di-, and 104 6259

triacetate binding to uranyl in solution and the solid state showed (18) Vallet, V.; Macak, P.; Wahigren, U.; GrentheTheor. Chim. Acta
a decrease in the band origin separation from 93 to 87 to 75 2006 115 145. ,
78 cnt? as the charge changed frol to O to —168-1048 (19) Gutowski, K. E.; Dixon, D. AJ. Phys. Chem. 2006 110, 8840.

. ot . i . (20) de Jong, W. A.; Harrison, R. J.; Nichols, J. A.; Dixon, D.Theor.
The splitting for UQ*" in aqueous solution with four to five  chim.'Acc 2001, 107, 22; 318 (correction).
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