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The structures and vibrational frequencies of uranyl carbonates(Q@5),]@ 2" and [(UQ)s(COs)¢],~ uranyl
nitrates, [UQ(NO3),]@™™, and uranyl acetates, [WHsCOO)]@ ™ (n = 1,2,3) have been calculated by
using local density functional theory (LDFT). Only bidentate ligand coordination modes to the uranyl dication
have been modeled. The calculated structures and frequencies are compared to available experimental data,
including IR, Raman, X-ray diffraction, and EXAFS solution and crystal structure data. The energetics of
ligand binding have been calculated using the B3LYP hybrid functional. In general, the structural and vibrational
results at the LDFT level are in good agreement with experimental results and provide realistic pictures of
solution phase and solid-state behavior. For the JI@0xs);]®~ anion, calculations suggest that complexity in

the CQ? stretching signature upon complexation is due to the formationme®Gnd C-O domains, the

latter of which can split by as much as 300 ¢mAssessment of the binding energies indicate that the
[UO,(CGs)2)% anion is more stable than the [U@O0s)3]* anion due to the accumulation of excess charge,
whereas the tri-ligand species are the most stable in the nitrate and acetate anions.

Introduction for the aqueous complexation of actinides (Th, U, Np, and Pu)
. ) with carbonates are important because (1) carbonate is a

The sgbsurfaqe transport of actinide elements, especially Uubiquitous ligand in groundwater systems; (2) carbonate can
and Pu, is a key issue for the U.S. Department of Energy (DOE) ¢ strong aqueous complexes with actinide species; and (3)

owing to past disposal practices and the potential for future e complexes can increase the solubility of compounds that
releases resulting from residual material remaining in the waste may be present in nuclear waste.

tanks at the nuclear weapons production sites following closure.
In its hexavalent form, uranium usually exists in the environment

as the uranyl dication U@" which can form complexes with otentiometric or solubility methods combined with a variet
a variety of anionic species including carbonate, bicarbonate, pf spectroscopic techniqugs Spectroscopic techniques includ)i/ng
acetate, and nitrate. These complexes may be mobile and thué)(-ray diffraction (on solids). Raman, IR, UV, arfdC NMR.

can have an important role in the migration of actinide ions in
the subsurface. As an example, actinide carbonate complexe nd more recently, E.XAFS aﬁé_b NMR’ have b_een employed .
0 measure geometrical and vibrational data in order to obtain

can be quite complicated because several ions can exist irla better understanding of the coordination chemistry of uranyl
equilibria with each other, with the uncomplexed ion, and with . . iing 5 ) y y
in solids and solutions? The most typical uranyl carbonate

complete and partially hydrolyzed species. This complicates the . X . - )
interpretation of experimental measurements, especially those(UOZCO3) is the mineral rutherfordine with an orthorhombic

needed to determine thermodynamic equilibria. Molecular-level ig%g]éi) C92fcyntljrilgarlt;rc])er12rteulzzocw(l)jgﬁcclgz E;(istg;ﬁrgg r;ate
studies, combined with experimental observations, can provide,~ -2 s 2 P

a fundamental understanding of the microscopic mechanisms?heeft? :ﬁ:gnfc()bhql)n (tg&)s Eﬂds séitiisaﬂgs'gég"éteﬂ ;E Sae?\(jgldoinn‘
of complexation and speciation, for example, the adsorption to 3 6 SP

surfaces of minerals and mechanisms responsible for conversionigl#lt'?&elsni;zltl:gﬁni tgg zf;::tcsnogéﬁavsrgu;fr‘:egnate
between species. The data obtained at a microscopic level can P gly dep Y ’

. . - used powder X-ray diffraction (XRD), scanning electron
bg use.d to develop macroscopic adsorption models for predlcungmicros?:opy with eneyrgy dispersive(spec?[roscopy ti?ne-resolve d
migration or transport of uranium. As an example, such models laser induced fluorescence spectroscopy (TRLFS), XPS and FT-

IR to characterize uranium carbonate andersoniteClJO,-
(CO)3]+6H,0. This grouf has also studied a series of alkine

Most of the experimental work has focused on the equilibrium
chemistry of actinide complexes in various solutions, using
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TABLE 1: Molecules Studied with Their Symmetries

carbonates symmetry acetates symmetry nitrates symmetry

CO2~ Dan CH;CO,~ Cs NOs~ Dan

UO,COs Co, UO,(CH3COy)* Cs UONO5! Co

UOy(COs)>~ D2n UO2(CH:COy), Ca UOy(NO3). Don

UO,(COy)s*~ Dan UO,(CH3COy)st~ Cay UO,(NOs)s*~ Dan

(UO2)3(CO3)6* Dan

For the nitrates, the amount of available spectroscopic datacomposed of heavier main group elements. However, these

is limited. The structure of crystalline WONO3)2(H20),:4H,0 methods, in general, do not work as well for many transition
has been determined by neutron diffracttoMost of the metal compounds, even for properties such as geometries and

experimental work on the uranyl nitrates has been done usingfrequencies. DFI! has been shown to be an extremely good
Raman spectroscopy. Brooker et’atudied the spectra of method for predicting the geometries and frequencies and in
UO2(NOg), in melts and solution. Nguyen-Trung etéhave many cases, the energetics of compounds involving first, second,
measured symmetric stretches of uranyl in solution with various and third row transition metafé:34 In fact, DFT with a local
ligands, including nitrate and acetate, and different coordination exchange-correlation potential often provides the best geometries
environments in order to understand the trends of ligand bondingand frequencies for transition metal complexes dominated by
for speciation purposes. De Houwer et al. have reported theionic interactions. In addition, DFT is proving to be a promising
UV —vis spectra of the nitratés. theoretical method for predicting the properties of actinide
We are interested in using high accuracy computational complexes. For example, Hay and co-workers have studigd UF
chemistry approaches to provide insight into fundamental NpFs, and Puk utilizing the same approach proven so successful
processes involving the actinides. Only within the past few years with transition metal complexe®8.This work showed that local
have calculations appeared that incorporate relativistic effectsDFT (LDFT) calculations using RECPs can quite accurately
on compounds that are of real interest to experimentalists andpredict the structures and vibrational frequencies of these
to the DOE cleanup effort. For the carbonate complexes, a actinide fluorides. The local approximation, combining the Slater
variety of calculations have been reported on the(@Qs3);*~ exchange function# with the Vosko, Wilks, and Nusair
aniont®13 and on the U@CO; molecule!*~16 However, most correlation functiond@f (SVWN), outperformed the hybrid
of these studies have focused on the geometries and only oneanethod, which combines local Slater, nonlocal Becke and exact
report contained any calculated frequencies. For the nitrate exchangé with the Lee, Yang, and Parr correlation functigfal
complexes, most of the prior calculations have been on the (B3LYP), for bond lengths when compared to experiment and
structure of uranyl with two nitrate and two water groups. in general gave better vibrational frequencies than B3LYP. We
Ryzhkov et al’ reported DV-Xu calculations on the U§NOs),: also have studied the uranyl ion in detail at high levels of theory
2H,0 crystal. Craw et al® performed geometry optimizations and have found that LDFT calculations provide excellent
and calculated ligand binding energies of 403)2(H20), agreement with fully relativistic CCSD(T) calculatioffs.
using the Hay ECP for U with doublgquality basis sets. Hirata
et al1®*2recently reported DV-DS calculations on this structure petails of the Calculations
to analyze their valence XPS spectra of the crystal. A more
extensive study on the bond strength of, and the relative bonding The molecules studied in this paper with their symmetries
between, ligands was done by Oda etaising DV-DS to study are given in Table 1, and their optimized structures are shown
UO,X5L 5 structures with X= CI, NOs and L= TBP, TMP, in Figures 1 (carbonates), 2 (nitrates), and 3 (acetates). Our
TBPO. previous studie® on UO,2" have shown that good agreement
There has been a significant amount of experimental work as compared to the fully relativistic CCSD(T) calculations can
on the binding of acetates to uraiyIStructural work and a be obtained with the small core Stuttgart RECP and associated
number of other studies have been summarized by Bailey etStuttgart orbital basis sétsfor U and valence triplé:- plus
al.22who present XAS results. Other structural studies include polarization (TZVP) DFT optimized basis sets for the oxygen
EXAFS studie3*250f solids and solutions and X-ray diffraction ~atoms*?All of our DFT geometry optimizations and frequency
studies529 A number of studies of the vibrational spectra have calculations were done with the Stuttgart small core RECPs and
also been performet® An interesting result of the experimental ~ the corresponding Stuttgart orbital basis sets for the U atom
work is the potential presence of monodentate binding as well and the TZVP orbital basis set for all nonactinide atoms. In all
as bidentate bonding when,@® molecules are also bonded to ~ cases, spherical basis sets were employed. The most diffuse s-,
the uranyPs DFT calculations on the compound WGH:CO,)s~ p-, d- and f-functions in the U basis set, those with an exponent
have also been reportéd. of 0.005, were eliminated. These were deleted due to the
In this paper, we report the results of a theoretical/ difficulty in converging the wave function with such diffuse
computational study on a series of uranyl cation and anion functions, in part due to the types of grids that were used.
complexes: [U@X,]2™" for X = nitrate (NQ~) and acetate  Additional calculations with the full U basis set, including the
(CHsCO;") and [UQXq]@ 2 for X = carbonate (C€) diffuse functions, were done only for the [U@Os)3]*~ and
(labeled as monoligand, diligand, and triligand fo= 1, 2, 3, [(UO2)3(COs)g]® molecules.
respectively). We also provide results on the carbonate trimer The local exchange and correlation functional SVWN de-
(UO,)3(CO)e.6~ Our focus is on the species with bidentate scribed above has been used to determine the structures and
bonding of the ligands. We have chosen to use density functionalfrequencies. To assess the dependence of the results on the
theory (DFT) with the relativistic effects treated by using functional, the structures and frequencies for the uranyl tricar-
relativistic effective core potentials (RECPs) for our computa- bonate were determined using the PBE96 gradient corrected
tional approach. Traditional molecular orbital methods based functional*® Binding energies were determined using the
on a single reference configuration work well for most firstand B3LYP exchange-correlation functional. We did not use fitting
second row compounds as well as for many compounds for the Coulombic part of the DFT calculations although we
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Figure 1. Optimized structures of UCQOs), UO,(COs)2%~, UO,(COs)3,4~, and (UQ)3(COs)6.5~

were performed at the optimized goemetries at the local DFT
level with the program Gaussian03.

Results and Discussion

Carbonate Geometries.In Table 2, we compare the bond
lengths between theory and experiment for the uranyl tricar-
bonate anion. The calculated values at the simplest LDA level
show reasonable agreement with the experimental reatifts52
with the U=0 bond distances 0.03 to 0.05 A too long. Both
the C-O distances and the tC distances are in good
agreement with experiment. The-Deq distances are-0.03
to 0.04 A too long and the U--O (terminak8D) bond distance
is too long by~0.05 A. The inclusion of the diffuse U basis
functions, see details of the calculations section, improves the
agreement with experiment. The=D distance shortens and
the carbonate groups get closer to the experimental values. The
calculations on the isolated uranyl tricarbonate anion in the gas
phase confirm the experimental determinations of the structure
of the complex in the solid and in solution. Using the PBE96
gradient corrected functional makes the agreement with experi-
ment worse. This is consistent with other DFT calculations on
metals which show that gradient corrected functionals tend to
predict bond distances that are too long in transition metal
complexes. We note that calculations at the PW91/ZORA/TZP/
DZP level give bond distances that are systematically too1&ng.
In addition, MBPT2 calculations with a large basis set and ECPs
give a structure in the gas phase with bond distances that are
far too long!! To improve agreement with experiment, the
Figure 3. Optimized structures of URCH,COO)", UO,((CHsCOOY, M_BPTZ caIc_uIations_ were also d(_)ne usin_g an SCRF approach
and UQ(CHsCOO);. with a spherical cavity. The €0 distance is still too long and

the CQ?~ fragment becomes strongly distorted but the bonding
advocate the use of the Dunlapfito reduce the cost of DFT  of the carbonate with the U@’ is improved. The use of the
calculations and have started work in our laboratory to determine COSMO model at the PW91 level also led to improved
accurate fitting basis sets for the actinide orbital sets. Becausestructures? Tsushima et at? have predicted the structure of
of the diffuse nature of the Stuttgart orbital sets, great care hadthe tricarbonate at the DFT level with the B3LYP functional
to be taken in the numerical integration of the density and and a variety of basis sets with large core ECPs. Their uranyl
exchange and correlation functionals. Very large radial and U=O bond distances show similar values to ours but their
angular grids were employed in order to achieve the desired U—Ogq distances are up to 0.1 A longer as compared to our
convergence of 1.& 1078 in the total energy and 1.8 104 values and to experiment.
in the geometric gradient. Most of the calculations were done  The bond distances for the trimer (Wg(COs)e®~ are shown
with the program NWChef and a few were done with the in Table 3. Addition of the diffuse functions to the U at the
program Gaussian08.Natural Bond Orbital (NBO) analysts LDA level leads to decreases in the2l® bond length as well

Figure 2. Optimized structures of UQNO3)", UOy(NO3),;, and
UOZ(NO3)37.
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TABLE 2: Comparison of Calculated and Experimental Bond Distances (A) for UQ(COs3)s*~

method U=0 =0 C-0 u-0 u-C_ U--0
LDA 1.835 1.280 1.304 2.462 2.916 4.197
LDA + diffuse 1.815 1.264 1.300 2.430 2.902 4.166
PBE96 1.825 1.277 1.311 2.527 2.994 4.271
MBPT2 1.894 1.297 1.321 2.426 2.893 4.790
PW91/ZORA? 1.85 2.56 3.01 4.29
EXAFS/solrf 1.80+ 0.02 2.43+ 0.02 2.89+ 0.04 4.13+ 0.04
X-ray/solictt 1.79 2.42 2.89 412
EXAFS/solidt 1.80 mean: 1.288 2.43 2.89 4.13
X-ray/solid* 1.77-1.78 2.434
X-ray/solicP4° 1.78-1.81 1.29 1.261.31 2.41-2.46
X-ray/solicF*° 1.25+0.01 1.29+0.01 2.43+0.03
EXAFS/solid!5? 1.80-1.81 2.42-2.44 2.89-2.90 4.10-4.22
X-ray/solict>* 1.802 1.24 1.31 2.43 2.872.88 4.09-4.12
EXAFS/solid* 1.80 2.45 2.90 4.20
EXAFS/solid# 1.80 2.43 2.88 4.15
EXAFS/solid# 1.81 2.43 2.90 4.16
EXAFS/solid* 1.81 2.44 2.89 4.19
EXAFS/solid* 1.79 2.43 2.88 4.15
EXAFS/solid* 1.79 2.44 2.90 4.21

2K, [UOZ(CO3)3la. ® Na:CaUO(COs)s. © CaUO(COs)3]. ¢ UOA(COs)s* . © KaUO(COs)s. f MgzUOA(COs)s. ¢ CaUOA(COs)s. " SLUOA(COs)s.
i BaUO,(COs)s. | NaCaUQy(COs)s. ¥ CaMgUGK(COs)s.

TABLE 3: Comparison of Calculated and Experimental Bond Distances (A) for (UQ)3(CO3)et~

method U=0 c=0 c-O U-0 u-C_ U--O U--U
LDA 1.811 1.303 1.307 2.422 2916 4.155 5.104
1.275 1.282 2.449 2.880
2.554
2.475 avg 2.904 avg
LDA -+ diffuse 1.796 1.310 1.289 2.489 2.85Z 4.125 4.937
1.267 1.27%8 2.403 2.938
247F
2.454 avg 2.894 avg
X-ray/solidt 1.78 1.33 1.2¢ 2.41% 2.88 4.14 4.97
1.27 2.458
2.492
2.454 avg
EXAFS/solid 1.79 245 2.90 4.16 491
EXAFS/solrt 1.79 2.46 2.90 4.17 4.92
X-ray/solrp 1.80 2.43 4.94

aBridging O-bridging C.° Inner O-terminal C¢ Terminal O-terminal C¢ Outer O-bridging C¢ Bridging C.f Terminal C.

as the G-O bond lengths. The HO bond distance to the inner  TABLE 4: Bond Distances (A) for the Uranyl Carbonates
O-terminal C increases by0.07 A and the U-O bond distance ~ UO2[CO4],® 2~ n = 0-3 and for the Trimer

to the bridging O-bridging C decreases by a comparable vaIue.(U02)3(Co3)667

The U-C bond to the bridging C becomes shorter with the total charge

additional functions as compared to the-O bond to the (uranyl NBO

terminal C, the opposite of what is predicted without them. The __ " 9groupcharge) 80 C=0 C-O U-O U-C U--O
U- -U non bonding interaction distance decreases by 0.17 A. 0 +2(+2.00) 1.703

Thus, addition of the diffuse functions makes the structure more 1 0(+1.09) 1776 1.199 1355 2.136 2.652
compact as he carbonaies bind more suongly 0 the uran3 2010 1% 1% 1 Bz 2ne
dications. Both calculations give good agreement with the imer —6(+0.79) 1.811 1.289 1.294 2.475 2.904 4.155

experimental results®3 The predicted B-O bond distances are  averages
within 0.02 to 0.03 A of the experimental values and are a little
too long consistent with the fact that the calculations are for an were studied. The addition of a carbonate to£fQncreases
isolated ion with a charge of6 whereas the experimental the U=0 bond distance by 0.075 A and leads to a substantial
results include the effects of counterions and/or solvent. The distortion in the carbonate such that the termined@distance
C—0O distances are consistent with the experimental observa-is much shorter than the-€0 bond distances of the O atoms
tions. The average YO bond distances are in excellent bonded to the U. The OUO bond angle deviates from the
agreement with the experimental values. The LDA values linearity found in the isolated dication and is 163.8his
without the additional diffuse functions agree with the X-ray deviation from linearity is a general feature of structures which
values slightly better as the same ordering is found. However, do not require a linear U&" moiety by symmetry and is
the calculations with the diffuse functions give a better indicative of the low bending frequency of the WO group.
prediction of the U- -U interaction. Our results differ somewhat from the results of Majumdar et
The above results show that we are able to make reliable al1**>who used a different ECP and basis set. They found a
predictions of the geometries of these highly charged carbonatesdistance of 1.687 A for the £0O distance in UG" at the
at the LDA level. In Table 4, we present the variation in the B3LYP level and a B=O distance of 1.756 A and 1.749 A
various bond distances for the different types of carbonates that(larger basis) for UGCO; at the same level. At the MP2 level,
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TABLE 5: Comparison of Calculated and Experimental Vibrational Frequencies (cnt?) for UO ,(COg)s*~

U=0 uU=0 C=O0 stretch C=0 stretch c-0 COs% out COZin
(asym) (sym) symwvy asymvs stretches of planev; planev4
LDA 827 760 1533 d 1508¢ 1039¢ 10453’ 845a2" 834e” 692e642¢
1356a' 1383é 6343’
LDA + diffuse 872 783 1491 1469e 1041e 814 598e 612e
PBE96 862 778 1438 1420e 1008e 806 590e 603e
Raman/solh 812+ 3
Raman/solh 812.5
Raman/solig* 889 894
Raman, IR/solitPb” 882ir 806 R 1569 R 1600 ir 1358ir, 1354 R, 855ir,879 R 694 719 ir
1045ir, 1046 R
Raman/solpf 812 1545 1378, 1064.5 681 735
Raman/solpp 815 1460 1295, 1065, 1002
Raman, IR/soliéP8 843 ir 808 R 1630 R 1560 ir 1342ir, 1358 R 821ir 700, 732 ir
1062 ir, 1077 R
Raman/solié>? 818+ 2
FTIR/solict? 902 1571,1526 1383, 1092, 1080 727,700
2|R estimated®? K,JUO,(CQs)3]. ¢ NajJUO,(COs)s]. @ Uranyl-doped calcites Synthetic NaCa[UO,(COs)s]-6H,0.
TABLE 6: Comparison of Calculated and Experimental Vibrational Frequencies (cnm?) for (UO 2)3(CO3)e~
uU=0 uU=0 C=O0 stretch C=O0 stretch Cc-0 COs? out CGOs%in
method (asym) (sym) symwv, asymvs stretches of planev, planev4
LDA 880e 892 801, 794e 1546 1531e 1357e, 1356,
1444 1428e 1065, 1058e,
1042e, 1041
LDA + diffuse 909e 922 832e 1476e 1573e 1399e 1413e 806 810 565e 595e
1059e 1064e 686e 707e
Raman/solh 834
Raman/solh 831.6
TABLE 7: Trends in Selected Calculated Vibrational Frequencies (cm?) for the Uranyl Carbonates (UO,[CO3],?"~2~ and
(UO2)3(CO3)6*~
U=0 U=0 COs
N charge (asym) (sym) G=0 Cc-0O inversion
CO2 1389(asym), 1008(sym) 852
0 +2 1123 1019
1 0 951 880 1819 1033, 956 757
2 -2 883 805 1663, 1648 1237,1225 807,806
1014, 1012
3 -4 827 760 1533, 1508(e) 13564383¢é 8453", 834¢'
1039¢é 10453’
trimer -6 880e, 892 801, 794e 1444, 1428(e)

their best calculation gave 1.728 A for W& and 1.784 A for
UO,CO;. At the CASSCEF level, the 80 bond distance of
1.697 A in UQCO; is clearly too short. Addition of a second
carbonate leads to an increase of 0.038 A in tkeQUbond

1546, 1531(e)

The NBO group charges show that there~i8.9 e transferred

to the uranyl in the monocarbonate to reduce the positive charge
on the uranyl. In the dicarbonate,1.25 e is transferred to the
uranyl and~1.35 e in the tricarbonate. In the trimer, the amount

distance and the uranyl becomes linear again in the higherof charge transferred to the uranyhid.20 e, slightly less than
symmetry that is available. The distortion in the carbonate also found for the dicarbonate. These amounts of charge transfer
decreases and the—D distances substantially increase. The are consistent with the geometry changes and with the changes

addition of the final carbonate leads to an increase in U
bond distance of 0.021 A and the carbonateCC distances
become almost equal and close to the calculatedond

distance for C@ of 1.309 A. The U-O distances lengthen

in the uranyl vibrational frequencies.

Carbonate FrequenciesSelected calculated frequencies for
the tricarbonate are given in Table 5 where they are compared
to the available experimental data and for the trimer in Table

out to the values observed in the experimental measurementss. The uranyl and CO stretching frequencies for all of the
as discussed above. The-@ distances are also in agreement carbonates are given in Table 7. The complete listings of the

with the original X-ray study on solid-state WOO;, ruther-
fordine by Cromer et aP4 who found U-O distances of 2.52
and 2.42 A. They also found that Y@s linear with a =0
bond distance of 1.6 0.09 A. We favor the higher range of

frequencies with their assignments are given as Supporting
Information. We focus on the uranyl stretches and the carbonate
C—O0 stretches in our discussion. The &J&ymmetric =0
stretch for the tricarbonate is calculated to be at 760'cat

the bond distance. The uranyl trimer exhibits interesting values the LDA level. Addition of diffuse functions on the U increases

when compared to the other carbonates. Tiedbond distance
is essentially the same as the value ford({Ds),%~ consistent

this value to 783 cmt. The experimental valden solution at
pH = 8 is 812.5 cm! and has been reported to be between

with the charge on the system yet the carbonate groups more810 and 820 cm! in solution and in the solid from a variety of

closely resemble the geometry in LG O03)3.4~
The NBO group charges for the Y& (charge on the U plus

experiment$25556The LDA value for the asymmetric stretch
is calculated to be at 827 crhand increases to 872 crhwith

the two axial O atoms) in the carbonates are given in Table 4. the addition of U diffuse functions. The experimental value for
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the asymmetric stretch is difficult to measure in the solid as  Selected calculated frequencies for the various carbonates are
the carbonate out-of-plane deformation frequencies mask it socompared to each other in Table 7. The=O symmetric and
it has been estimated to be at 889¢n0Dther studies reported  asymmetric stretches decrease with increasing the number of
values of 902 cm?!,2 893 cn11,57 and 843 cm!.>® Thus there carbonates added to the YO. This is consistent with donating
is some variation in the experimental values for this quantity. negative charge into the W& thereby decreasing the interac-
The LDA values underestimate the experimental values'b§ tion of the positively charged uranium with the negatively
cmL, charged axial oxygens (see NBO charges in Table 4). It is clear
The symmetric combination of the carbonate@ stretches from the calculations that the uranyls in the trimer are closest
is predicted to be at 1533 crh at the LDA level and the to the uranyl in the dicarbonate dianion as the frequencies in
asymmetric combination at 1508 cfn Addition of diffuse both are comparable even though the environment about the
functions to the U lowers the-€0 stretches but improving the  uranyls are somewhat different in the two species. There is also
grid raises them. Use of a gradient corrected potential substan-2 significant trend in the €0 terminal stretches. In the mono
tially lowers these frequencies. The=O stretches in the crystal ~ carbonate, the €0 stretch is like that in a carbonyl with a
have been measured from 1545 to 1630 tfor the symmetric  frequency above 1800 cth The C-O frequencies are like that

combination. The calculations predict that the=G stretches ~ Of the symmetric stretch in the isolated dianion. There is a
should only split by 20 to 30 cni. There is a substantial split ~ decrease of about 150 c#in the terminal G=O stretch when

between the €0 terminal stretches and the other—O the second carbonate is added consistent with an increase in
stretches which are in the range of 1400 and 1000%cifihe this bond distance as the carbonate becomes less distorted. The
lower range of predicted values near 1040 to 1050%i® in C—O stretches split significantly with one pair near 1230¢m

good agreement with the experimental values near 1050 to 1060and one pair near 100 crh with the latter pair being near the
cm~152555758The higher range of calculated values near 1350 symmetric stretch in the isolated carbonate dianion. TH&©C

to 1390 cm! are in good agreement with the experimental Stretches decrease by another 130 to 140%orhen the third
values reported between 1340 and 1380 tPR5758 The carbonate is added. The—© stretches, as discussed above,
stretching bands for Cf- are predicted to be at 1389 and 1008 are substantially split and resemble those in the isolated dianion.
cm™l Thus, the calculations show that the splitting of the Even though the uranyls in the trimer are like that in the
carbonate bands on complexation is really due to formation of dicarbonate, the terminal carbonates are like that in the
the G0 Species and that the remaining bands actua”y have tricarbonate in terms of the terminaHD stretch. The hlgheSt
similar splittings to that in the free ion. It has been suggested €nergy stretches in the bridging carbonates are predicted to be
that in general the; carbonate ligand stretch (asymmetric) is almost 100 cm! below the G=0O terminal stretches in the trimer
split into two components upon coordination to metal ion;-50 ~and are unlike any of the other carbonates. The otheOC
60 cnt! for monodentate and 1690 cnt? for bidentate stretches are like those in the tricarbonate. There is a substantial
This is consistent with our results but the splitting is due to decrease in the out of plane inversion mode at C going from
formation of the G0 bonds. We also find that there is an even the isolated carbonate dianion to the monocarbonate consistent
larger splitting of thes; symmetric carbonate stretch by almost  With loss of the resonance averaging about the carbon with the
500 cnt! due to formation of the €0 terminal bonds. The  unequal C-O bonds. This inversion frequency increases as the
out of plane bends for the carbonate are predicted to be 20 tocarbonate groups more closely resemble the parent so that in
50 cnr! below those measured in the solid for most chges the tricarbonate, the inversion frequencies are quite similar to
and the in-plane bends are predicted to be a similar amountthose in the isolated carbonate.
below the experimental valué457-58 Whether this is due to Majumdar et al*15have reported B O stretching frequencies
differences in the solid state and the isolated ion or to the for UO,(CQOs) with one, two and three waters at the MP2 and
computational methods is difficult to determine but the overall B3LYP levels. The results at the MP2 level are 846, 841, 841,
good agreement with experiment shows that the computationaland 835 cm? for the symmetric stretch for zero, one, two and
approach is providing a reliable prediction of the geometry and three waters respectively, and 920, 925, and 916'dar the
vibrational frequencies. asymmetric stretch for one, two, and three waters, respectively.
For the trimer, there are six UGstretching modes. The  Atthe B3LYP level, they reported 882, 870, and 862 ¢érfor
symmetric coupling of the symmetric stretch is predicted to be the symmetric stretch for zero, two, and three waters respectively
at 801 cmt? and the degenerate asymmetric coupling at 794 and 954 and 947 cm for the asymmetric stretch for two and
cm1. The symmetric coupling of the asymmetric stretches is three waters, respectively. These results are consistent with our
predicted to be at 892 cth and the degenerate asymmetric calculated values of 880 and 951 chfor the symmetric and
coupling of the asymmetric stretches is predicted to be at 880 asymmetric stretches, respectively.
cm L. Adding diffuse functions to the U raises the stretches by  Nitrate Structures. The key geometry parameters in the
~30 cnT?, less than predicted for the tricarbonate which has a nitrates are given in Table 8. The geometries show the trends
higher negative charge at the uranyl. The experimental valuesfound in the carbonate calculations. As more negative charge
are 831.6 cm! at pH= 6 and 834 cm!.18 Thus, the calculated is placed about the uranyl, theD bond distance increases
values are within 30 cri of the experimental ones. The YO  (see NBO charges in Table 8). Because the charge on the
asymmetric stretch has been estimatiedm experiment to be complexing anion is only one for the nitrates, the change per
911 cnt! in good agreement with our values. The-O ligand added is smaller than in the carbonates. The mononitrate
stretches split into a number of groups. The terminaCC uranyl group charge ig-1.41 e as compared to the monocar-
stretches in the terminal GQroups are predicted to be near bonate group charge of1.09 e. The B=O bond distance in
1540 cntl. The highest energy stretches in the bridging the neutral dinitrate is 0.01 A shorter than the=O bond in
carbonyls are predicted to be about 100 éntower. The the neutral monocarbonate and the trinitrate with one negative
remaining G-O stretches split into two groups as found in the charge has a0 bond which is 0.01 A longer than the neutral
tricarbonate with one group near 1350¢rand the larger group ~ monocarbonate. The U& moiety is more nearly linear in the
near 1050 cm?. mononitrate,<OUO = 171.4, as compared to the carbonate
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TABLE 8: Calculated and Experimental Geometrical with increasing numbers of ligands but the range is smaller.
Parameters (Bond Distances in A) of the Urany! Nitrates The frequencies for the neutral dinitrate and the anionic trinitrate
([UOJ*"NO4]"") bracket the 5=O stretches for the neutral monocarbonate. The
total charge calculated frequencies are consistent with the experimental
;ﬁ;ﬁg%h'\;‘?;)/ stretching frequencies for the nitrates that have been re-
N compound B0 N-O N-O U-O U-N ported®364Again, the experimental values f.or the trinitrate anion
are larger than those for the neutral dinitrate which is not
(1’ ii gig(l’g i;gg 1177 1300 2258 274 CONSISteNtwith our results or with simple chemical models. This
5 0 (-1.09) 1766 1198 1201 2361 2813 Sudgests that there may be complicating factors in the experi-
3 —1(+0.84) 1.784 1.215 1.281 2.426 2.867 Mmental measurements. For example, water molecules are likely
X-ray/solicf2  0/UOy(NO3)2(H:0)s 1.742 2.497 to be complexed to the uranyl which would lower the=O
X-ray/solic®® ~ —1/KUOy(NOs)s ~ 1.755 1.201 1.273 2.482 stretching frequencies and potentially make the uranyl stretch
Neutron/solid® —1/RbUQ(NOg)s  1.78 122 125 248 in the neutral diacetate less than that in the anionic triacetate.
Neutron/soli@® —1/CsUQ(NOs);  1.77 2.52 .
IR/sOlid®s3  0/UO(NO3)»6H:0 1.715 The NO stretches have the same behavior as observed for
IR/solicp63 0/UOx(NO3)2-3H,0 1.710 the carbonates. The NO stretches are split by almost 350 cm
IR/solicR53 —1/KUOx(NOg);  1.705 in the isolated anion with the asymmetric stretch at 1400%cm
IR/solich%  —1/CSUQNOg)s  1.700 and the symmetric stretch at 1060 cimComplexation to the
IR/solic ~UNHUOANOg)s 1.700 uranyl dication splits the stretches so that there is a high-
2 Obtained by a correlation of the force constants. frequency mode for the terminal-ND near 1740 cm* and two

wer frequency modes which bracket the symmetric stretch in
e nitrate anion by about 50 to 60 ckn Complexation of the
second nitrate lowers the terminal stretches by 70 to 90'cm
and increases the splitting of the other-® modes. The lower
energy modes are now comparable to those in the isolated anion.
Complexation of the third anion lowers the terminal stretches
again and increases the splitting in the other ™ modes.
However, the higher frequency-ND modes involving com-
plexation to the uranyl are still not as high as the asymmetric
stretch in the isolated anion by almost 100@rn contrast to
what is observed in the carbonate series.

: I
as more charge is transferred from the carbonate as compareqﬁ
to the nitrate. Experimental data from X-ray crystal structures
of the nitrates are consistent with the calculated values. The
U=O0 bond lengths in the Rb and Cs salts of 4{0003);~ are
in excellent agreement with the predicted values for the
monoanion, but the same bond length in the K salt is 0.03 A is
shorters® 6! The experimental &0Ocq bond lengths in the K,

Rb, and Cs salts of the monoanion are 0.06, 0.05, and 0.09 A
longer than the predicted values, respectively, while theON
bond lengths agree with experiment to within G:@03 A. The
U=O0 bond length in the crystal structure of L@Os3)2(H>0)3

is 0.024 A shorter than that predicted for the neutrab{(N®s), Acetate Structures. The acetate geometries are shown in
specie€? In addition, the predicted 5O bond lengths are Table 10. Compared to the nitrate, the uranyl bond distances

0.14 A shorter than in the UENO3),(H,0)s crystal structure. are Ionger than_ those for the compara_bly charg_ed species. This
This is consistent with the fact that the water molecules are IS consistent with the acetate having its negative charge more
forcing the nitrate away from the uranyl leading to the increased Strongly localized in the Cofragment in contrast to having
U—Oeq bond length. Because the nitrates are interacting less SOme of_the charge localized on the terminal oxygen as found
strongly with the uranyl, the #0 bond distances will be for the nitrate. As a consequence, the uranyl moiety sees more
shorter. The presence of water molecules is expected to lengtherfi€gative charge and the=D bond distances are longer. The
the U=0 bond distance but the fact that they are neutral means NBO uranyl group charge for the monoacetatetis.35 e as

that the effect is smaller than the interactions with an anion. compared to the group charge-6f1.41 e on the mononitrate,
Additional solid state structural data were obtained from a consistent with this simple model. The calculated structure for
correlation of the uranyl force constants obtained from infrared the triacetate is in good agreement with the experimental
measurements. The calculated and crystal structure values cleariptructures within a few hundredths of an A for all geometry
show a different trend from the infrared d&evhich show little parameter$!2° The U=0 bond distance is predicted to be too
variation with the charge for the =50 bond distance and in  '0ng by 0.02 A as expected based on the results for the other
fact show the trinitrate anion with a bond distance shorter than @nions. We note that a proper treatment of the thermal

the neutral dinitrate and comparable to that predicted for the Corrections in the X-ray structures as repottegives better
isolated UQ2* ion. This suggests that the correlation of bond agreement with our calculated structure. The EXAFS data

distance with stretching frequencies is not properly describing Predict similar geometry parameters and the values are similar
the geometry of the nitrate complexes. to our values as well as to those determined by X-ray diffraction.

the uranyl, substantially less than the transfer@90 e for ~ TZVP level with ADF2 give a U=0 bond distance of 1.81 A

the monocarbonate. For the dinitrate, the charge transfer ofWith or without solvent corrections and+Deqdistances of 2.51
~0.90 e to the uranyl is the same as that for the monocarbonate® in contrast to our values of 1.79 and 2.44 A which are in
consistent with an overall neutral species. For the trinitrate, the better agreement with experiment. Again, the monoacetate does
charge transfer of-1.15 e to the uranyl is less than that transfer Not have a linear Ug* moiety with JOUO = 169.8.
of ~1.25 e found in the dicarbonate, consistent with the fact The NBO group charges on the acetates (Table 10) behave
that the trinitrate complex has-al charge and the dicarbonate similarly to those for the nitrates. For the monoacetate,65
has a—2 charge. e is transferred to the uranyl, for the diacetate).95 e is
Nitrate Frequencies.Selected calculated nitrate frequencies transferred to the uranyl, andl.15 e is transferred to the uranyl
are given in Table 9 and are compared to the available for the triacetate. The £0 bond distances in the mono- and
experimental values. As would be expected from the carbonatedinitrate are shorter than the=D bond distances in the
study and the nitrate geometries, the uranyl frequencies decreaseiacetate. This is consistent with the uranyl NBO charges which
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TABLE 9: Selected Calculated and Experimental Vibrational Frequencies (cm?) of the Uranyl Nitrates (JUO ]2 [NO3],"")

charge/ U=0 U=0
N compound (asym) (sym) N=-O, N—-O

NO;~ -1 1400(&) 1060 (a')

0 +2 1123 1019

1 +1 1038 947 1736 @ 1108 (h), 998 (a)

2 0 994 906 1665 @, 1651(hy) 1123 (by), 1216 (hy
1036 (g), 1034 (hy)

3 -1 948 860 16054 1582(e) 1298 (¢, 1278 (@)
1054 (a'), 1051 (&)

Raman/solh +1 870

Raman,IR/soliéf 0/UOx(NO3),*6H,0 941 863.9

Raman,IR/soliéf 0/UO,(NO3)2*3H,0 948.1 874

Raman,IR/soliéf —1/KUO2(NOs)3 943.1 875.5

Raman,|R/soliéf —1/CsUQ(NOs)3 956.2 884.0

Raman,IR/soliéf —1/NHUO,(NO3)3 967.2 885.7

Raman/solh 0/UO,(NO3), 871

Raman/melft 0/UOx(NQ3),*6H,0 872 1613, 1547

TABLE 10: Calculated and Experimental Geometrical Parameters (Bond Distances in A) of the Uranyl Acetates
([U02]2+[CH 3C02]nn7)

total charge

(uranyl NBO

n group charge) 850 c-C C-0 Uu-0 Uu-C
0 +2 (+2.00) 1.703
1 +1 (+1.35) 1.749 1.453 1.292 2.213 2.630
2 0 (+1.05) 1.775 1.477 1.278 2.334 2.710
3 —1 (+0.85) 1.791 1.496 1.267 2.441 2.809
X-ray/solid*?6 -1 1.759,1.756 1.498 1.264,1.256 2.467,2.462

(1.774, 1.769) (1.530) (1.268,1.258) (2.475,2.469)

neutron/solié?’ -1 1.761 1.491 1.256 2.476
X-ray/solic??° -1 1.748 1.510 1.269 2.474
X-ray/solid+?8 -1 1.750 1.251 2.473
EXAFS/solid?* -1 1.78 2.48 2.9
EXAFS/solid?® -1 1.78 2.48 2.88

2 Na[UO,(CHzCOOY]. © [Ni(H20)6][UO(CHsCOO)],. © (CeH15N4O2)[UO(CHsCOO)] - (CoH402)-H20.  Numbers in parentheses indicate cor-
rection for thermal motion according to riding model.

show less charge transferred from the anionic ligands to the TABLE 11: Selected Calculated and Experimental
uranyl in the nitrates as compared to the acetates. This behavioibrational Frequencies (cn?) of the Uranyl Acetates
is somewhat more complicated in the trimers. As shown in ([UO2]*[CH3CO]."")

Tables 8 and 10, the amount of charge transferred to the uranyl U=0 U=0
in the triacetate and in the trinitrate are essentially the same. method n charge (asym) (sym) CcQ
Thus the B=0 bond distance in the acetate trimer should be | pa 0 <42 1123 1019
comparable or shorter to that in the nitrate trimer, yet the LDA 1 +1 1025 940,931 1508418
opposite is predicted with the =0 bond distance in the LDA 2 0 973 888 1516,1507
triacetate longer than that in the trinitrate. The increase in the 149771488
uranyl bond length in the triacetate as compared to the tri- LDA 8 1 934 850 11%%‘:&1750?
nitrate could be explained by equatorial steric crowding in IR, Raman/sol#® 0  +2 962 870 '
UO,(CH3COO)™. The bite angle in the naked ligand is 120.0  |R, Raman/sol® 1  +1 954 861
in the nitrate and 12971in the acetate. Binding one nitrate to IR, Raman/sol#f 2 0 928 841
the uranyl reduces the bite angle to 10%4 compared to 114.2 IR, Raman/sof 3 —1 823
in the monoacetate. In the dinitrate, the bite angle is 713.0 IR/solicb®® 3 1 920 842.2

. . . . A . IR/solide83 3 -1 924 852.1
and in the diacetate, it is 118.7The bite angle for trinitrate is IR/solid63 3 -1 0278 8551
114.5 and in the triacetate, the bite angle is 120¥hus, initial IR/solicte5 3 -1 931 856
binding of the anionic ligand to the uranyl closes down the bite IR/solrf¢ 3 -1 922
angle, and this angle increases with additional ligands to become IR/solrf’ 3 -1 925
more like that in the naked ligand. The increase in the bite angle Raman/solg 0 +2 870
in the acetate leads to more steric crowding in the triacetate as E:mgﬂgg:ﬁ ; +é gg%
compared to the trinitrate, and as a consequence, @ bond Raman/solh 3 1 843

distance increases more in the triacetate than in the trinitrate.
In addition, the U-O equatorial bonds are longer in the triacetate
than in the trinitrate which is opposite to the trends observed
for the mono- and di-ligand species.

Acetate FrequenciesThe uranyl stretching frequencies for the nitrates for a comparably charged complex consistent with
the acetates are shown in Table 11. The frequencies for thethe differences found in the bond distances and consistent with
uranyl decrease as expected with the addition of each acetatenore charge transfer from the acetate than the nitrate, except
ligand. The frequencies for the uranyl are lower than those in as noted above for the triacetate. A variety of experimental

asignificant mixing with C-C stretch? CSUQ[CH3CO,]s. ¢ RbUO;-
[CH3CO5. ¢ NaUG,[CH3CO;]5.
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TABLE 12: B3LYP Absolute and Relative Binding Energies
in kcal/mol for the Uranyl —Anion Complexes
(UOZ[CO3]n®27), (UONO3]n"27), and

(UOZ[CH 3CO,]n(=27)

COz%™ NOs~ CH;CO;™

CO?>~  relativeto NOs;~  relative to CH;CO,™ relative to

n absolut¢ (n-1)> absoluté (n-1)> absoluté  (n-1)°
1 —628 628 —324 324 —364 364
2 -—811 183 -505 181 —554 190
3 —645 —-167 —581 76 —613 59

a[UO,J2*+ n[Anion]™— UO,[A] (™2~ b UO,[A] (™2~ —
UOz[A] n—1((n71)”k2)7 + [A] m=,

measurements®6567 give U=O stretching frequencies smaller
than our calculated values in contrast to what is found for the

carbonates. Our isolated monoacetate frequencies are higher tha|

the experimental values by70 cnT! suggesting that there are
a number of water molecules complexed to the uranyl which
lower the U=0 stretching frequencies. The agreement with

experiment improves as more acetates are added presumabl

displacing waters of hydration in aqueous solution.
The C-O modes show interesting behavior. The highest

frequency C-O modes increase as more acetates are added,

We note that there is a strong coupling of the symmetric stretch
of the CQ with the C-C stretch leading to a significant splitting
of these frequencies in the diacetate.

Binding Energies. We have previously shown for the &€a
and S#* carbonates (and hydroxides) that the DFT binding
energies defined as

M[CO,], 2" —M[CO4],,*" ¥ +[COJ*

can be related linearly to solution phase equilibrium consfénts.
The calculated binding energies at the B3LYP level for the
uranyl-ligand species are given in Table 12. The calculations
show that there are positive total binding energies for each of
the species. As expected, the tetraanion fop(@Ds)s*~ is less
stable than UQ(CO3),%~ in the gas phase due to the excess
charge. Clearly, solvation effects must be stabilizing the

tricarbonate. What is interesting is that the tricarbonate is a very

stable species for the uranyl in solution yet for th&'Sthe
tricarbonate is not predicted to form. This is likely due to the
fact that the S¥" ion is better solvated in the first solvation
shell with up to eight waters of solvation as compared to the
uranyl for which only up to five waters of solvation are present
in the first solvation shell. Thus, it is easier to desolvate the
uranyl dication than the 8r dication leading to the formation
of the tricarbonate in the former and not for the latter. In
addition, other counterions may play a role in stabilizing the 4-
tricarbonate for the uranyl and may not contribute so much in
the case of Stt. The total trimer binding energy is 1972.8 kcal/
mol relative to six separate GO species but the trimer with
a charge of-6 is less stable than 3 separated A({TD3),%~ as
isolated species by 461.1 kcal/mol. Again solvation and coun-
terions are expected to play a role in stabilizing the complex in
solution.

The complexes with the monanion ligands are all expected

to be stable with each cluster being more stable than the

de Jong et al.

and vibrational spectra of the complexes of the uranyl dication
with a variety of anionic ligands. The local functional DFT
(LDFT) approach yields geometrical parameters that are in good
agreement with the available EXAFS and X-ray data for the
carbonate, nitrate, and acetate species. The calculated vibrational
frequencies for the 80O symmetric and asymmetric stretches

in the UGy(CO3)3* anion are in good agreement with experi-
mental data. The calculations suggest that the splitting of the
carbonate bands upon complexation with the uranyl cation is
really due to the formation of terminaF€0 species. The 0
stretching frequencies in the nitrate and acetate monoanionic
species are within 2630 cnt! of experiment for both the
symmetric and asymmetric stretches. In the nitrates, th©N
stretches show similar behavior as observed in the carbonates,
ﬂhere complexation with the uranyl cation raises the terminal
—O stretching frequency by more than 300 ¢mindicative

of N=0O formation. The acetates also show interesting behavior,
with the highest €O modes increasing with the addition of
{pore acetates around the uranyl cation.
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