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The structures, energies, and charges of uranyl cation complexes with water molecules, nitrate ion, and carbonate
ions were determined using Hartreleock, second-order Mier—Plesset (MP2) perturbation theory, and density
functional theory (DFT) ab initio quantum chemical methods. Reasonable agreement with experimentally
determined structures was found. Significant polarization of the ligands as well as charge transfer to the
uranyl ion was observed in the complexes. The dissociation energy curves for the complexes were also
determined at the MP2 level of theory. Attempts to reproduce these curves with molecular mechanical models
with fixed atomic point charges failed, showing that an appropriate force field for these systems must include
polarization and charge-transfer effects.

1. Introduction it was that of the separated YMIO3), and G=PR; species®
During the past decades the actinide elements have attracted®nce again, however, effects such as polarization and charge
intense experimental and theoretical intefe3fThe reasons for  transfer were partially neglected due to the fixed point charge
this are, of course, that they are radioactive, chemically toxic, representation of the charge distributions.
and of great importance for the nuclear-power industry. A major ~ Our main interest in modeling uranyl and its complexes has
rationale for much actinide work has been that of detoxification been in the design of chelating compounds for the treatment of
after contamination due to accident or dumping. Thus, effort contamination and the detoxification of human serum. To
has gone into the identification of agents that promote the perform such modeling, however, it is necessary to have a

excretion of uranium, plutonium? and neptuniu from the reasonable representation of the force field for the uranyl ion
human body and into how to separate actinide ions from other and its ligands. We have, therefore, undertaken a number of
ions in the management of nuclear waste. quantum chemical calculations to gain insight into the nature

Molecular modeling and theoretical simulation studies are of the bonding in uranyl complexes and data for our param-
potentially powerful approaches for tackling such problems and etrizations. Previous quantum mechanical studies on uranyl
can be used, for example, to compute the association constantomplexes have indicated that the bonding is primarily iéHié.
of different chelating agents to uranium or plutonium in solution. |n this paper, we focus on the uranyl ion, &0, and on the
A few studies of this kind have appeared in the literature. They ligands HO, NO;~, and CQ2". The uranyl ion is the most
employed molecular mechanical (MM) force fields to determine jmportant species in the aqueous chemistry of uranium and is
the coordination geometry of various uranyl complexes and the the predominant biological form of uranium in the blood and
free energies for association of the uranyl ion with watersNO  in tissue. The coordination chemistry of the uranyl ion has been
18-crown-6, CMPO, and calix[6]arefie®1* A problem with investigated in several experimental studies, and a large number
the MM force fields used in these investigations, though, was of structures (about a hundred) with these three ligands can be
that the charge distribution of each molecule was fixed, being found in the Cambridge Structural Database (C8Hurther-
represented by partial point charges on the atoms, and so namore, structural and thermochemical data also exist for the
account was taken of electronic reorganization effects due to association of uranyl with N§ and CQ?~ in solution319:20
interactions between the ligands or between the ligands and theNitrate is found in high concentrations in liquid solutions of
solvent. A more recent study attempted to estimate the nyclear wasf® and carbonate and bicarbonate are found in
magnitude of some of these effects by performing simulations sjgnificant concentrations in many natural waters and are
of UO,(NO3),0=PRs (R = H, methyl or phenyl) 1:1 and 1:2  therefore of interest as complexing agents for uranyl in
complexes and calculating the free-energy differences betweenenvironmental chemistr§?z Recent theoretical studies of the
two different states of the complexeene in which the charge uranyl ion have looked at its complexes with OHH,0, NO;™,
distribution was that of the complex itself and the other in which cO2~, SO2~ and G=PR; (R = H, methyl or phenyl):5:16.23.24
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2. Methods TABLE 1: Results of Optimizing the Uranyl Cation with
Different Methods and Basis Setd

method/basis set HO/A  energy/hartrees qule gole

The actinides present considerable challenges for quantum
chemical techniques because they can have complicated bond-

ing, potentially involving 5f, 6p, 6d, 7s, and 7p atomic orbitals, =~ B3LYP/DZ 1.731 —201.1150 1.92 0.04
and because relativistic effects can be signifidéAt.For our E%SZP/ DzP 11'2268 :igé'égﬁ giz :88?
study, we mostly employed the program package CADPAC, HF/DZP 1.648 ~199.7373 242 —021
although some of our calculations were done with GAUSSIAN  mp2/Dz 1.783 —200.3652 1.84 0.08
9427 Depending upon the system, we used either a restricted MP2/DZP 1.747 —200.5345 2.07 —0.04

Hartree—l_:ock (HF) method, Second'order_ W_Pless_et aqu and o are the Mulliken charges of the atoms U and O,
perturbation theory (MP2) (all electrons activé)or density respectively.
functional theory (DFT%° with the B3LYP functionaf®

Due to the large number of electrons that uranium has, it is 3, Results and Discussion
usual to neglect the core electrons and replace them by a
pseudopotential. In our study, the effect of the 78 core electrons  3.1. The Uranyl Cation. The structure of the uranyl cation
of uranium was represented by the relativistic one-electron was optimized at the HF, MP2, and B3LYP levels with both
effective core potential (ECP) of Hay (up to and including 4f DZ and DZP basis sets on the oxygens. The results are given
and 5d electrons), and a [3s3p2d2f] contracted Gaussian basign Table 1. It can be seen that the optimize¢ @ bond lengths
set was used for the remaining 14 electr&hBoth the ECP deviate quite substantially from each other and range from 1.65
and the corresponding basis set were derived for use with HFto 1.78 A, depending on the type of calculation. The Hartree
calculations. However, previous work has shown that it is Fock method gives the shortest bond lengths, and inclusion of
feasible to use them with DFT metho#s2 Likewise, calcula- polarization functions on the ligands systematically decreases
tions on transition metal complexes with equivalent basis set/ the bond length by 0.620.04 A. This behavior has also been
ECP combinations have given good resé® and so we  found by otherg®1724
assume that this is also a valid approach in our work. For the It is interesting to compare these results with O distances
other atoms, different basis sets were employed, including determined experimentally. Although, our calculations are in
6-31G(d), 6-31G(2dp) (a 6-31G basis with two polarization the gas phase, the most comprehensive experimental source of
functions and a set of diffuse sp functions), doudl@Zz) and structural data is derived from X-ray crystallographic studies
double¢ with polarization (DZP) set&® We should note that, and stored in the CSD. Here there are about a thousand structures
in the rest of the paper, we will only explicitly define the basis that contain uranium. From these we selected complexes in
set on the non-uranium atoms, it being understood that the basisvhich there was a uranyl ion coordinating to either carbonate,
set/ECP combination discussed above is always used forphosphate, sulfate, nitrate, or water. As a further criterion, we
uranium. In all calculations, d- and f-functions were taken to only accepted complexes with at least two coordinating water
have 6 and 10 Cartesian components, respectively. molecules if none of the other ligands were present. This left

Two distinct types of calculation were done. The first us with 76 structures in total from which we found that the
consisted of geometry optimizations of the uranyl cation and mean U-O distance was 1.76% 0.039 A with a minimum of
some of its complexes. The calculations were performed by 1.6795 A and a maximum of 1.9489 A. The distribution of
optimizing all the available geometrical degrees of freedom, distances was very strongly peaked around the mean value with
without symmetry constraints, and the optimizations were taken frequencies of 1.651.70, 8; 1.76-1.75, 37; 1.751.80, 94;
to have converged when the rms gradient for the complex was 1.80—-1.85, 7; 1.85-1.90, 3; 1.96-1.95, 3. It should be noted

less than 10* hartrees bohtt. that we made no attempt to take into account the resolution of
The second set of calculations were profiles for the dissocia- €ach structure in deriving these results.
tion energy of the uranyl ion and the ligands®) NG;~, and Table 1 also shows the Mulliken charges for the uranium

COs?". In these calculations, the internal geometry of the and oxygen atoms obtained for each of the optimized complexes.
molecules was held fixed, and only the distances between theAs with the bond lengths, there is a significant variation
uranyl ion and ligands were altered. The uranyl cation is linear depending upon the method and basis set, with the trend that a
and we chose a dO bond length of 1.761 A which is the value  shorter bond length gives a higher charge on uranium. As
derived from experimentally determined structures in the CSD Mulliken charges do not seem to model properly the charge
(see next section). The structures of ;NCGand CQ?~ were distribution in the U-O bond?® the charges on the atoms of
optimized at the MP2 level using the AUG-cc-pVDZ basis in the uranyl ion were also obtained from a fit to the electrostatic
GAUSSIAN 9427 giving N—O and C-O bond lengths of potential, derived from a HF/DZ calculation, using the CHELPG
1.2699 and 1.3152 A, respectively. These values correspondproceduré’ The fitting requires atomic radii for the construction
well to the experimentally determined bond lengths for these of the surface where the electrostatic potential is calculated, but
ions in crystalline systems which are found to be in the ranges as there is no default radius for uranium in GAUSSIAN, we
1.22-1.27 and 1.2%1.31 A, respectively* The structure of tried values in the range @.5 A. The results are shown in
H,O was taken from reference 35. Table 2 and indicate that there is only a small variation of
For both sets of calculations, charge analyses were performed0.15 e in the charge of the uranium as its radius is increased
and binding energies were calculated. The charge analyses werérom 1.5 to 2.5 A, but there is a significant increase when the
done either by a Mulliken procedure in CADPAC or by using radius is decreased to 1.0 A. In addition to the fits done to the
the CHELPG algorithm in GAUSSIAN. The binding energy of electrostatic potential, the table also shows the results of a fit
a complex AB was estimated adEag, = Eag, — Ea — nNEg done to reproduce some of the lower order multipole moments
where Ex is the energy of species X. When determining the of the uranyl catior¥” The charges obtained are similar to those
dissociation energy curves, the binding energies were correctedresulting from a fit to the electrostatic potential with a large
for basis set superposition error (BSSE) using the counterpoiseuranium radius. As a final test, we investigated the dependence
method3® of the atomic charges as a function of the-O bond length
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TABLE 2: Atomic Charges for the Uranyl Cation Obtained TABLE 4: A Mulliken Analysis of the Charges on the

by Fitting an Atom-Centered Point Charge Representation Atoms in the Uranyl—Water Complexe$

of the Cation’s Charge Distribution to the Electrostatic

Potential at the Molecule’s Surface Calculated at the HF/DZ n R Qowo)  Quot  Gow0)  GHtHo)  Gn0

Level of Theory 0 1.92 0.04 2.00 —0.69 0.35 0.00

; 1 1.80 —0.04 1.72 —-0.77 0.52 0.27

U—0/A U radius/A U and O charges/e 2 172 010 152  _o78 051 0.24
1.761 1.0 3.3306/0.665 3 1.67 —0.15 1.37 —-0.79 0.50 0.21
1.761 1.5 3.016/0.505 4 1.65 —0.20 1.25 —0.78 0.49 0.20
1.761 2.0 2.918#0.459 5 1.66 —0.22 1.22 —-0.78 0.47 0.16
1.761 2.5 2.858/0.426 .
1.76F 2.832+ 0.13/~0.416-+ 0.09 @ Results are shown for complexes with-3 water molecules. The
1.650 1.5 2.958/0.479 entries corresponding to= 0 refer to the species at infinite separation.
1.900 1.5 3.058£0.529 Charges are in units of the fundamental charge e.

aThis fit was done to reproduce the quadrupole, octupole, and : - .
hexadecapole moments of the cation (with statistical weights of 1.0, energies, not quantitative values. These would, in any case, be

0.11115, and 0.01235, respectively) and not the electrostatic potential.nard to get with the presently available basis sets for uranium.
The energy of the isolated water was determined at the reference

geometry of reference 35 and that of the uranyl ion at the
TABLE 3: Structures and Relative Energies of optimized geometry appropriate for the method and basis set
8;)&;%!2—61\32&1;2ra??rzgpéeﬁ_espcl)gtzalfggerrgfm_rﬁ;eegr?aetry being used to study the complex. The energy values, which are

listed in the last column of Table 3, show that the binding is

' U—Ouoz/A O-U—Ouoz/deg U-Ouo/A AE/KJ mol™ very strong. This is in agreement with the findings of Spencer
0 1.731 180.0 0 et al., who also note that the binding is likely to be significantly

1 1.744 179.9 2.338 —341 weakened in solutiof These latter workers also determined

2 1.755 180.0 2.381 —638 BSSE and ZPE corrections and showed that they amounted to
3 1.766 180.0 2.402 —908 . N .

4 1776 180.0 2 430 1129 only a few percent in the total binding energies.

5 1.781 180.0 2.488 —1260 It is possible to compare the B3LYP structure for the complex
5p 1.720 180.0 2.503 —1218 UO,(H,0)s%" with those obtained experimentally in solution
> 17 180 2.45 and in the crystal®3° These are shown in Table 3 along with

S 1702 180 2421 the results of an optimization at the HF level of theory. Both

2 Results are shown for complexes with= 0—5 water molecules. the HF and B3LYP calculations overestimate the @ dis-
®An additional result at the HF/DZ level of theoryFrom an tances, those between the uranium and the water oxygens by
experiment in the solid staf. ¢ From an experiment in soluticH. 0.04-0.08 A, respectively, and those between the uranium and
o the uranyl oxygen by 0.020.08 A, respectively. These differ-
and found that the variation is not large, the charge on the gnces, although not large, could be due to the fact that the
uranium decreasing (increasing) slightly as the bond length cajcylations are performed for the complexes in gas phase as
decreases (increases). opposed to the condensed phase or due to limitations in the
As a result of the above analysis, in the rest of the paper andpasis set. Indeed, it can be seen from Table 1 that th© U
in our MM model of the uranyl cation, we assign charges of hond length in U@t decreases by up to 0.03 A on going from
2.9 and—0.45 e to the uranium and oxygen atoms, respectively. g DZ to a DZP basis set.
These values compare with those previously published in the  The results of a Mulliken charge analysis for the uranyl

literature of 2.8/-0.4'¢ and 2.5-0.25 e'* water complexes are shown in Table 4. The charge on the uranyl
3.2. Geometry Optimizations of Uranyl-Water and Ura- ion decreases for each additional water molecule added, by about

nyl—Carbonate Complexes.Geometry optimizations were (.27 e for the first water and by about 0.16 e per water in the

performed of uranytwater complexes U&@H,0),2* with n complex with five water molecules. This clearly demonstrates

varying from 1 to 5 and the uranytarbonate complex UO  that charge transfer is significant even with an uncharged ligand.
(CO3)3*". The optimizations of the water complexes were done The added charge is approximately equally distributed between
with a B3LYP/DZ method while those of the carbonate the uranium and the oxygens of LR. The water molecules
complexes were done at both the HF/DZ and B3LYP/DZ levels are clearly polarized by the uranyl ion, as can be seen by
of theory. comparing the Mulliken charges of gas phase water (the first
The structures and relative energies for the optimized uranyl line in Table 4) with complexed water. This effect weakens as
water complexes are presented in Table 3. Similar calculationsthe coordination number increases, probably because the charge
on uranytwater complexes with from 4 to 6 water molecules of the uranyl is decreased by charge transfer from the water
have been reported by Spencer et*alhe oxygens of all the molecules. Interestingly, the charges on the water oxygens are
water molecules are found in the equatorial plane with the almost constant, independent of the number of coordinating
hydrogen atoms positioned perpendicular to this plane. The onlywater molecules.
complex in which the uranyl ion is expected to be bent is  The structure of the complex WL 0s)s*~ was optimized at
UO,(H20)**, and this is indeed the case, but only by a very the HF/DZ and the B3LYP/DZ levels of theory. The results
small amount (an angle of 179)9 The U-Oy,0 bond length are compared with the experimental values in Table 5. The
increases by about 0.03 A for each additional water molecule agreement between the calculated and experimental values is
added, whereas the-+Dyo, bond length increases by about reasonable, although the calculations overestimate #@dd,

0.01 A for each additional water. bond length by about 0.12 A and the-© bond length for the
The binding energies for the complexes were determined asnon-coordinating oxygen by about 0.05 A. Again these differ-
described in section 2. We have introduced neither BSSE norences may be due to the fact that the calculations are performed
zero-point energy (ZPE) corrections for these complexes, in the gas phase or because of deficiencies in the theoretical
because we are only interested in an estimate of the bindingapproach. The binding energy for the complex is found to be
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TABLE 5: Structures and Relative Energies of the UQ(CO3)s*~ Complex Obtained from Geometry Optimizations at the
HF/DZ and B3LYP/DZ Levels of Theory?

method U-Ouo A O—U—0yo,/deg U-Oco/A C—0&/A C—-02A O—-C—O/deg  AE/kJImol?
B3LYP/DZ 1.848 180.0 2.576 1.344 1.307 112.7 —2833
HF/DZ 1.765 180.0 2.573 1.317 1.283 112.1 —2662
experiment 1.7%¢0.01 180 2.45:0.01 1.33+£0.02 1.24+ 0.03 115+ 2

aThe Q type corresponds to the two oxygen atoms per carbonate that coordinate the uranium atom, whergggehies @e uncoordinated
oxygen. The experimental data are from ref 43.

TABLE 6: A Mulliken Analysis of the Charges on the Atoms in the UO,(CO3)s*~ Complex and in the Separated Uranyl and
Carbonate long

method qQu dowoy) duo, Jo.° 0ol deccoy Qcos
B3LYP/DZ gas phase 1.92 0.04 2.00 —0.65 —0.65 —0.04 —2.00
B3LYP/DZ complex 1.33 —0.50 0.33 —-0.51 —-0.58 0.16 —1.44
HF/DZ gas phase 2.14 —0.07 2.00 —0.82 —0.82 0.45 —2.00
HF/DZ complex 2.06 —0.55 0.96 -0.74 -0.73 0.55 —1.66

aCharges are in units of the fundamental charge®. and Q refer to the coordinated and uncoordinated oxygens of the carbonate, respectively.

much larger than that for the uraryivater complexes with a o H
value of about 2600 kJ mol. In a simplified model, this can \\\\\0 | 0,,6 |
be explained by the fact that the chargdharge attraction @ O—X----nn- UY---e--- X—O0 _H/O
driving the uranyt-carbonate complexation is stronger than the \O | O/ oy
charge-dipole attraction of the uramylwater complexes. (0] | 100°
In Table 6, the Mulliken charges of the ions in gas phase © U
and in the complex are presented. There is a very large charge- 0 |
transfer effect from the carbonates to the uranyl. Both the HF H,,,% ‘ s\\H H——’O
and B3LYP calculations predict similar changes in the carbonate  (b) o U------ (o} o~
carbon, carbonate oxygen, and uranyl oxygen atom charges on H/ | \H |
complexation. They differ, however, on how the charge of the o H
uranium changes. The change is small<€0.1 e) in the HF Figure 1. Schematics of the geometries of the uranyl cation complexes
calculation but much larger with BBLYP(—0.6 e). It is worth used for the calculation of the interaction energy curves: (a) the

remarking, however, that at both levels of theory the charge of carbonatg and nitrate complexes; (t_)) the water complex, equatorial
the uranyl lessens substantially and much more so than it doeg?PProach; (c) the water complex, axial approach.

in its complexes with water. In contrast to the case of the
uranykwater complexes, the calculations indicate that there is
little polarization of the carbonate ions, possibly because the
uranyl ion has been neutralized to a large extent.

force fields to use HF/6-31G(d) CHELPG-derived charges
because, in general, they give a dipole moment that is too large
(although here neither of the ions have a dipole moment). This

A comparison of the general details of the complexes’ overestimation is assumed to make up for the lack of polariz-

structures that we optimized here with the structures that we ability upon solvation. ]
selected from the CSD shows good agreemehe coordinating _For water we used a different approach and chose two
ligand atoms tend to be positioned in the plane perpendicular different charge models. The first we obtained by fitting the
to the O-U—0 axis, and in this plane, the coordinating atoms _charges to reproduce the dipole moment of the water molecule
of different ligands are positioned so that they are as far apartin @ vacuum, 1.85 D. For our reference geometry this gave
from each other as possible. Thus, the structures of thecharges of—0.6574 and+0.3287 e on the oxygen and
complexes can be considered to be due to a compromise betweeRYdrogens, respectively. The second set of charg@s334 e
the electrostatic chargecharge or chargedipole attraction ~ ©On the oxygen ane-0.417 e on the hydrogens, we took from
between uranyl and ligand and the ligarigjand repulsions. the TIPQP quel of water that is often used in MM simulatféns
3.3. Uranyl—Ligand Dissociation Energy Curves.To gain and which gives a dipole moment for the water molecule of
further insight into the nature of the bonding in the uranyl 2.31D.
complexes and more data for the generation of a reasonable The curves of the interaction energies between the uranyl
uranyl MM force field, we determined the dissociation energy ion and two water molecules, between the uranyl and two
curves for the uranyl ion and water, nitrate, and carbonate nitrates, and between the uranyl ion and two carbonates are
ligands. Schematics of the geometries of the complexes thatshown in Figures 2, 3, and 4, respectively. Initially we tried
we used in these calculations are shown in Figure 1. doing these calculations with a B3LYP/6-31G(2dp) level of
To estimate the MM electrostatic interaction energy between theory but we had severe convergence problems in the carbonate
the uranyl ion and its ligands water, nitrate and carbonate, wecase and so switched to a MP2/6-31G(2dp) model. The
had to derive atomic point charge models for the ligands. For calculated curves were corrected for BSSE because we wanted
nitrate and carbonate we obtained the charges by performingto have data of sufficient quality to use for parametrization of
HF calculations with the 6-31G(d) basis set using the CHELPG an MM force field for these systems.
algorithm. This gave charges of 1.010 ar@.670 e for the Figures 2-4 also show the electrostatic interaction energy
nitrogen and the oxygens of the nitrate ion and 1.198-ah@®66 curves calculated with the point charge models that we derived
e for the carbon and the oxygens of the carbonate ion, for the uranyl ion and its ligands. All of the curves agree well
respectively. Repeating the calculations at the MP2 level with with the MP2 results at intermediate and long distances but,
the same basis set elicited variations in the charges of up toexcept for the TIP3P charge model of water, fail to reproduce
0.07 e per atom. It is common practiavhen deriving MM the depth of the well at the minima. We have attempted to model
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Figure 2. Interaction energy curves for the uranyl ion and two water
molecules as a function of the uranitiwater oxygen distances. The
solid line is the curve of MP2/6-31G(2dp) energies, the dotted line is
the MM electrostatic energy calculated using the vacuum charge model
for water and the dashed line is the MM energy obtained with the TIP3P
water model. The water molecules were approached in the equatorial
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Figure 5. Interaction energy curves for the uranyl ion and two water
molecules as a function of the uranyl oxygemater hydrogen distances.
The solid line is the curve of MP2/6-31G(2dp) energies, the dotted
line is the MM electrostatic energy calculated using the vacuum charge
model for water, and the dashed line is the MM energy obtained with
the TIP3P water model. The water molecules were approached along

plane of the uranyl ion from opposite sides of the uranium. the axis of the uranyl ion such that the angle subtended by the uranium,

the uranyl oxygen, and the approaching water hydrogen had a value of

-1
Energy/kJ mol 100

1000 determined using the TIP3P charge model of water do give fair

agreement with the MP2 energies, even at the minimum. The
charges in the TIP3P model were, however, parametrized to
reproduce the liquid-state properties of water and so implicitly
take account of polarization effects through the enhanced value
of the water dipole moment that they give. As noted above, the
charges assigned to the atoms infN@nd CQ?~ are similarly
expected to take into account (some of the) polarization effects,
but even so the fixed point charge model does not reproduce
the MP2 energies well for these systems.

d[U-NJ/A

-1000

—2000

Figure 3. Interaction energy curves for the uranyl ion and two nitrate As is clear from Figure 4, we were unable to dissociate the
ions as a function of the uraniunmitrogen distances. The solid line is '

the curve of MP2/6-31G(2dp) energies, whereas the dashed line is theura_myl—carbonate complex to the spec!es $0and (.:QZ s
curve calculated using the MM electrostatic model. The nitrate ions 1 NiS IS probably due to the fact that the highest occupied orbitals
were approached in the equatorial plane of the uranyl ion from opposite 0f COs?~ in gas phase have positive energies with the methods
sides of the uranium. and basis sets used. The ions do, however, have the correct
character up to a distance of about 5 A, as judged by the

Encrgy/kJ mol™! Mulliken charges and the form of the curve in Figure 4. The
2000 Mulliken charges of the uranyl ion, water molecule and nitrate
1000 ion in UO,(H20),2" and UQ(NOs), were also determined and

found to have the appropriate values 62, 0, and—1 e,
m d[U-CyA respectively, at long distances.
-1000 ce - For a final interaction energy curve, we determined the
2000 energies as the hydrogens of the two water molecules approach
the uranyl ion along its axis. We did this because it has been
~3000 suggested that improved uramghelating agents can be

—4000 , designed by including at least one hydrogen-bond donor for

5000 e interaction with the uranyl oxo groug3To determine the most

i ) ) favorable geometry for approaching the water molecules, we

Figure 4. Interaction energy curves for the uranyl ion and two

. ) X did calculations with values of the uranidraranyl oxygenr-
carbonate ions as a function of the uraniwoarbonate oxygen .
distances. The solid line is the curve of MP2/6-31G(2dp) energies, water hydf_Oge“ angle ranglng from%® 180" and chose the
whereas the dashed line is the curve calculated using the MM Value, in this case 100which gave the lowest absolute energy.
electrostatic model. The carbonate ions were approached in theThe oxygens of the water molecules point away from the
equatorial plane of the uranyl ion from opposite sides of the uranium. uranium, and the water molecules themselves are in a trans-

configuration with respect to each other.

this extra deepening in our MM force field with suitably The interaction energy curve is shown in Figure 5 and was
parametrized Lennaredones terms but it is just not possible calculated with an MP2/6-31G(2dp) level of theory. It is clear
to do so and maintain chemically valid values for the Lenrard  that the curve is essentially repulsive and is probably due to
Jones interaction parameters. Even if the point charges as wellthe fact that the water dipole is in the wrong orientation with
as the LennardéJones interaction parameters are varied within respect to the net positive charge of the uranyl ion. This
reasonable limits, the MM energies cannot reproduce the QM explanation is supported by the similar behavior of the curves
energies. This result implies that polarization and charge transferof the MM electrostatic energies and suggests that the possibility
effects are important in the binding of uranyl complexes and of a hydrogen bond may depend on the type of ligands in the
need to be included to have a useful model of uratfigiand equatorial plane. If they are negatively charged, thereby produc-
interactions. It is interesting to note that the electrostatic energiesing a zero (e.g. UgINO3)(H-0),) or even a net negative charge
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(e.g. UQ(CO)3*), hydrogen bonding may be facilitated, but (2) Handbook on the Physics and Chemistry of the ActiniBeseman,

if they are neutral, hydrogen bonding may be inhibited. In A.J., Keller, C., Eds.; Elsevier Science Publishers: Amsterdam, B.V. 1986.
. i ’ h h | .h (3) Grenthe, I.; Fuger, J.; Konigs, R. J. M.; Lemire, R. J.; Muller, A.

addition, ligands, such as carbonate, t Qt promote a large c arge Nguyen-Trung, C.; Wanner, Kxhemical Thermodynamics of Uraniuym

transfer to the oxygens of the uranyl ion may also enhance Elsevier Science Publishing Company, Inc.: North-Holland, 1992.

hydrogen bonding. Finally, it is worth remarking that the MM (4)t HFen%e-Napolll, MH-htIIJI-;JASSSbc:rIg,_ Ilzi;ggg";zseliz%é Houpert, P.;

: : : aquet, F.; Gourmelon, . J. Radiat. blol. ) .

energies obtalned.us!ng the vacuum charge model of water agreg (5) Paquet, F.; Grillon, G.; Rateau, G.; Poncy, J. L. Fritsch, P.

better with the ab initio energies than those of the TIP3P charge purgada, R.; Bailly, T.; Raymond, K. N.; Durbin, P. tl. J. Radiat.

model, indicating that polarization effects are less important in Biol. 1995 68, 663. _

the uranyt-water interaction when the water molecules approach | ngii;ag‘i‘;t'lgg7'\"7elt"’éi'é H.; Poncy, J. L.; Burgada, R.; Bailly)r.

in an axial direction. Conseql_JentIy, a single fixed point chgrge " (7) Rozen, A. M.J. Radioanal. Nucl. Cheni99Q 143 337.

water model cannot appropriately account for the interactions  (8) Cecile, L.; Casarci, M.; Pietrelli, LNew separation chemistry

for different configurations of uranylwater complexes. TIP3P  techniques for radioacte waste and other specific applicatior@ommis-

is the best of the two models for water molecules in the Sion of the European Communities, Elsevier Applied Science: New York,

equatorial plane, whereas the vacuum water model is best for (g) Guilbaud, P.; Wipff, GJ. Mol. Recognit. Inclusion Phenot993

axially positioned water molecules. 16, 169.
(10) Guilbaud, P.; Wipff, GJ. Phys. Chem1993 97, 5685.
4. Conclusions (11) Guilbaud, P.; Wipff, GJ. Mol. Struct. THEOCHEML996 366,

. . 55.
~ Inthis paper we have examined some complexes of the uranyl™;2) Guilbaud, P.; Wipff, GNew J. Chem1996 20, 631.
ion UG, with the ligands water, nitrate, and carbonate using  (13) Muzet, N.; Wipff, G.; Casnati, A.; Domiano, L.; Ungaro, R.;
guantum chemical techniques. Our aim in doing this work has U9(01242)0|\l} 'ﬁ-i-\?h&m- SOEngkr']D TfaTSf-199§ % 186,5-, T Teichei
H : H allet, V.; Maron, L.; schimmeilprennig, b.; Leininger, 1.; leichtell,
l?een to understand the interactions between the.uranyl and itse . Gropen, O.; Grenthe, I.. Wahigren, U. Phys. Chem. A999 103
ligands so that we can parametrize a MM force field for these gogs,
systems that can be used in molecular dynamics simulations. (15) Hutschka, F.; Dedieu, A.; Troxler, L.; Wipff, G. Phys. Chem. A
; ; i i it ic 1998 102 3773.
Th.e major po!nt to have emerged from this work is tha.lt It .IS (16) Craw, S.; Vincent, M. A.; Hillier, 1. H.; Wallwork, A. LJ. Phys.
crucial to take into account charge transfer and polarization cpem 1995 99, 10181.
effects when attempting to study complex formation. This can  (17) Pyykkq P.; Li, J.; Runeberg, NJ. Phys. Chem1994 98, 4809.
be seen both from an analysis of the charges of the atoms in §118) Allen, F. H.; Kennard, CChemical Design Automation New393
the complexes_when cpmpared to those in the |sol_ated molecule$ (1é) Bayai, I.: Glaser, J.: Micskei, K.: T, |.: Zekany, L. Inorg. Chem.
and from the interaction energy curves. In previous work on 1995 34, 3785.
uranyl complexes that used MM force fieltig3-15these effects (20) Allen, P. G.; Bucher, J. J.; Clark, D. L.; Edelstein, N. M.; Ekberg,
i i S. A.; Gohdes, J. W.; Hudson, E. A.; Kaltsoyannis, N.; Lukens, W. W.;
Werfhnegle(:tﬁd’hand Itﬁzytb%for th|§ readsfnirfor exar_’anG_, the."tNeu, M. P.; Palmer, P. D.; Reich, T.; Shuh, D. K.; Tait, C. D.; Zwick, B.
a rather small charge had to be assigned to the uranium ion ing "jnorg. Chem 1995 34, 4797
uranyl! in order to get the correct free energy of solvation (21) Choppin, G. R.; Nach, K. LRadiochim. Actal995 70/71,
relative to S¢'. It is perhaps worth emphasizing that although 225. . .
the short-range interactions are not well-described by a purely (22) Clark, D. L; Hobart, D. E.; Neu, M. FChem. Re. 1995 95,
MM model_, the long-range interactions are fitted well by the " (23) schreckenbach, G.; Hay, J. P.; Martin, R.liorg. Chem.1998
electrostatic part of the MM energy. 37, 4442. o '
To us itis clear that it is necessary to go beyond a standard . (}3‘_‘) V\?ﬁ;{‘;ek S-S?irigg'r'azj'vw'l-j H;r?fg'(’:\lhgr{i 'OA%%O%Q l%-éfky'a”s’
MM force field if reasonable simulations of these systems in (25) Peppér, M.: Bursten, B. Ehem. Re. 1991 91, 719,
solution are to be performed. There are a number of approaches (26) The Cambridge Analytic Deratives Package Issug €ambridge
that can be envisaged. One possible way is to treat the 1995 A suite of quantum chemistry programs developed by R. D. Amos

; ; ; ; ; with contributions from I. L. Alberts, J. S. Andrews, S. M. Colwell, N. C.
complexes with a quantum mechanical potential directly, either Handy, D. Jayatilaka, P. J. Knowles, R. Kobayashi, K. E. Laidig, G. Laming,

in & fully ab initio simulation or as part of a hybrid potentfdl, A M. Lee, P. E. Maslen, C. W. Murray, J. E. Rice, E. D. Simandiras, A.
but these methods are expensive. Another way, and the routeJ. Stone, M.-D. Su, and D. J. Tozer. _
we favor, is to employ an enhanced MM potential that includes o }gign':f';cg Ahc')\fla'l; T’&UC:S;’C%eZ\Qé rﬁgr:"%geé -HkieBt}; %‘”vAP_- F’;’é-t ce\/rvééon
charge transfer and pol_arlzanon. Wr_nle a substantl_al amount of 5 A.; Montgomery, J. A.; Raghavachari, K. Al-Laham, M. A; Zakrzewski,
work has been done to include polarization effects in MM force v. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B.;
fields, less seems to have be done for charge transfer. Fortui\jvanayahlzk?,\r/a, AA-;OI ChaIIJacLomFlge, IM.;| PeEngéCGY-; Aye;Ia,RP. ,\\(A ?heg, \C/
H H H ili i ong, M. ., Andres, J. L.; Replogle, E. 5.; Gomperts, R.; Martin, R. L.;
nately there is a method, the chemical pot_entlal equilibration Fox, D. J.: Binkley, J. S.: Defrees, D. J.. Baker, J.: Stewart, J. J. P.; Head-
(CPE) or ﬂl_JCtuat'ng c_harge mod#lthat quC”be_S bOth_ effects  Gordon, M.; Gonzales, C.; Pople, J. A. Gaussian 94 (Revision D.1 and
and it is this that we intend to employ in our simulations. We D.4); Gaussian, Inc.: Pittsburgh, PA, 1995. N
are currently parametrizing a force field for some simple  (28) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio

. : : Molecul ital Th . Wil : New York, 1986.
molecules that includes CPE and will report our results in due O(gg)u ?,;Srbp'e_ae_. f(oarg'; nggﬁ‘tys_gﬂﬁctioﬁg Tﬂgérygngtoms and

coursg’t Molecules Clarendon Press: Oxford, 1989.
(30) Becke, A. D.J. Chem. Phys1993 98, 1372 and 5648.
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