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Density functional theory is employed to investigate uranyl dihydroxide;(0&),, isomerization reaction
energy barriers, including those occurring via proton shuttles. The ground-state structure of a uranyl dihydroxide
complex containing a uranyl moiety with a near’90=U=0 bond angle is reported for the first time.
Furthermore, we predict the vibrational spectra of these compounds. Scalar-relativistic effects for uranium
are treated by employing a relativistic effective core potential.

1. Introduction data’ They showed that a dihydroxide configuration with
hydrogens pointing toward different oxo groups is slightly
favored over the conformation with both hydrogens pointing
toward the same oxo ligarfPrivalov et aP also reported DFT
results reproducing the gaseous 30QH), entropy and heat
capacity previously determined experimentally by Ebbinghaus
using a third law treatmenf.We also note theoretical work by
Clavaguea-Sarrio et al! that explored a comprehensive series
of UO.X, complexes and found OHligands to be the most
tightly bound.

In this contribution, we use DFT calculations to investigate

In the last quarter century of theoretical actinide chemistry,
no class of compounds has received more attention than
complexes of the uranyl dication, [U{3".1~2 The formalf®
nature and abundance of experimental data for this chemistry
are primarily responsible for its popularity. One particularly
interesting class of uranyl compounds is the set formed by
complexation with hydroxide ligands. Uranyl hydroxide chem-
istry has gained attention in experimental and theoretical
communities due to its expected presence in uranium waste

solutions. Much of the presented work in this area has focusedth lectronic struct ’ H d to studv th i

on uranyl tetrahydroxide, which is the predominant mononuclear ee epbrlqtnlcfsbruct bregHU@ )2an tosu I'y 3 ene;ge Ic

species in solutions with a pH greater than 11. Additionally, accessibility of ben €ROH), isomers via oxo I3and exchange
hdeactions, which has been suggested fop(@®1), in connection

these compounds are pedagogically interesting because of thé® . - .
strongo- ar?dn-donor a%ilitygofgthe rxllydroxide Iiganﬂ with solution chemistrie$?1 Furthermore, water catalysis for

Uranyl dihydroxide is a known uranium oxide volatilization thesg isomerization processes via_ proton shuttle reactions is
product formed in the presence of oxygen and water \ethat considered, as are the computed vibrational spectra for the key

might isomerize to form a structure containing a+@=0 bond UO(OH), isomers located on the potential energy surface.
angle near 90in the gas phase. Throughout this paper, we refer 2 Methods
to structures with a near 9@=U=0 angle as “bent” uranyls; )

configurations with &U=0 angles near 180are referred to The Gaussian suite of electronic structure progfdmas

as “linear” uranyls. Using density functional theory (DFT) used for all calculations. Becke's three-parameter hybrid
calculations, Tsushima and Reich examined two uranyl dihy- functional (B3LYP)>18which has been validated in a previous
droxide complexes where both hydroxide hydrogens point work by Hay and co-workers for uranyl complexX@swas
toward the same oxo group and the remaining three U employed throughout. To incorporate scalar-relativistic effects,

coordination sites are occupied by aqua ligahdise m-UO,- the 60-electron Stuttgart U relativistic effective core potential
(OH)2(H20)s structure, where one aqua ligand is between the was employed® while spin—orbit effects have been ignored
two OH" ligands, was found to be 0.5 kcal mélhigher in due to the formal ¢ nature of uranyl complexes. The most

energy than the-UO,(OH),(H20)s structure where the OH diffuse s, p, d, and f Gaussian functions of the associated
ligands occupy neighboring coordination sites. Oda and Aoshima uranium basis set were removed to generate the [7s 6p 5d 3f]
confirmed and extended this work by comparing calculated basis, which was used previougly?® The 6-3H-G(d,p)
uranyl symmetric stretching frequencies to experimental Ramanbasig4-28 was utilized for the O and H centers. Ground-state
and transition structures were optimized using standard
~ *To whom correspondence should be addressed. E-mail: hhratchi@ method3®32 and verified by analytic frequency calculations
'”df'a\‘/'\}gl'yende“ S(tHa}t::ﬁnl"i‘\%f;?t;@‘:hem's”y'Oh'o'State'ed“ (BEB). ensuring that all structures correspond to potential energy surface
£ The Ohio State Univers}ty. minima and first-order saddle points, respectively. Using the
$Los Alamos National Laboratory. damped velocity Verlét and Hessian-based predictarorrec-
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ington, IN 47405. ’
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Figure 1. Optimized geometries faota, 1b, 2a, 2b, TS-1a2g3 andTS-1b2b. See Table 1 for geometric parameters.

3. Results and Discussion TABLE 1: Energies and Selected Bond Lengths (A) and
o ) ) Angles (deg) of 1a, 1b, 2a, and 2b (energies are reported in
The objective of this work is twofold: (1) to understand the kcal mol~! relative to 1a)

nature of structure and bonding in uranyl dihydroxide conforma- 1a 1b 2a 2b
tions and (2) to understand the potential for conformational

rearrangement. To achieve this, the minimum energy geometries Srf(r)gy 10'708 10'708 112'; 11%'22

of UO,(OH), are described and the electronic structure of these  y_on 212 211 209 2.09, 2.10
compounds examined in terms of molecular orbital theory. An 0—H 0.96 0.96 0.97 0.97
intramolecular uranyl dihydroxide isomerization pathway in-  O=U=0 169.4 169.1 99.9 100.0
volving oxo ligand exchange is developed along with the =~ HO—U—OH 112.3 112.4 86.1 84.1

potential catalytic role of water in a proton shuttle mechanism isoenergetic. Conformerga and 2b, which are bent uranyl

of intermolecular isomerization. The vibrational spectra of two complexes, are 16.8 and 18.2 kcal mioless stable thata,

key UO,(OH), isomers conclude this section. respectively. As expected, the data in Table 1 clearly indicate
Ground-State Geometries and Electronic Structure of that rotation of a U-OH bond (e.g.la < 1b and 2a < 2b)

UO,(OH),. Unconstrained geometry optimizations of linear and results in negligible alterations of other geometric parameters

bent UQ(OH), structures were carried out from starting such as the 8O bond length and &U=0 and HO-U—OH

geometries in which all seven nuclei were in the same plane. angles.

The optimizations yielded the four structures shown in Figure  Perhaps the most notable feature of these structures is the

1. Table 1 gives the energies and geometric parameters for thenonlinearity of the HG-U—OH bond angle forla and 1b,

minimized structures. The calculated gas-phase geometries arevhich measures 122 Additionally, the uranyl subunit is

in good agreement with related structures previously reported predicted to have a nonlinear angle of 168lthough these

by Tsushima and ReichConformersla andl1b, which have a structural features may disagree with intuitive bonding ideas

linear G=U=0 linkage and differ only in the orientation of that would otherwise assume a near planar configuration, they

the hydrogen atoms on the hydroxide ligands, are essentiallyare consistent with geometries reported by other authors for
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Figure 2. Walsh diagram fotla showing orbital energy dependence on H@-OH bond angle. For clarity, electron occupation is only shown
for the HOMO.

UO,X, compounds. For instance, calculations by Wang and inspection of theC, orbital representations given in Figure 2.
PitzeP® have shown that U, has Cp, symmetry with a We attribute theC, structural preference of UIDH), to the
F—U—F angle of 109.7 and an G=U=0 angle of 169.5 In stabilization of the 1b orbital, although the very small energy

a general bonding study of a large series ofM@structures, difference between the two geometries does not allow for a
Marsden and co-workers also showed that compounds in thisdefinitive explanation based on the Walsh diagram. We believe
general class are nonplanar and pos&zss C,, symmetry!! that a major factor in the stabilization is the small, but
While these papers have adequately documented the tendencgignificant, U d-f mixing that occurs in the lower symmetry
for disubstituted uranyl complexes to display nonlinearl—X C; structure; by contrast, as shown in Tables 2 and 3, there can
bond angles, little has been provided by way of molecular orbital be no U d-f mixing in the centrosymmetricC,, structure,
theory to explain the trend. because the d and f orbitals partition into g and u irreducible
We have constructed a Walsh diagram showing the effect of representations und€g,. Removal of the inversion center upon
geometrical perturbation tba along the HO-U—OH internal lowering the symmetry t&; relieves this restriction allowing

coordinate (Figure 2). This Walsh diagram shows the energeticthe d and f orbitals to mix. The data given in Tables 2 and 3
changes in the valence molecular orbitals HOMO-4 through also show that th€, molecular orbitals exhibit greater mixing
HOMO as the HG-U—OH bond angle bends from 18t an of uranyl and hydroxyl fragment orbitals than those in @g
initial planar structure o€, symmetry to the equilibrium value  structure, again because of the lower symmetry. For example,
of 112.3. As the HO-U—OH bond angle decreases from 180 the HOMO-4 (1§ and 1b for theCy, and C, structures,

the molecular planarity is destroyed, thus lowering the symmetry respectively) has zero character from hydroxide orbitals in the
from Cyx to C,. Adopting the lower symmetry structure CoypStructure, but they make up more than 38% of the molecular
decreases the internal energy of the system by 1.92 kcaf'mol orbital character in th€, structure. These factors lead to the
As shown in Figure 2, the energies of the HOMO and HOMO-2 C,, preference of Ug{OH),, and we believe they also account
remain nearly constant as the HO—OH angle is scanned for the generally favored bent-XU—X geometries of other
between 18Dand 112.3. An interesting feature of Figure 2is  UO»X, compounds.

the avoided crossing of th€y, 1by and 1k as they both Both 2a and2b are planar with &U=0 and HC-U—OH
transform as b representations when the symmetry is lowered.angles of ca. 100and 85. The bent uranyl unit in these
This avoided crossing yields the 2b and 1b molecular orbitals compounds is of particular interest since, to the best of our
of the C; structure. The result of second-order mixing between knowledge, no isolated uranyl compound has displayed this
the 1k and 1k shown for theCy, structure is obvious from uranyl moiety configuration. Nevertheless, it has been speculated
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TABLE 2: Energy (eV) and Mulliken Percent Character for
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! TS-1a2a (43.1) TS-1b2b (44.6)
SelectedC,, UO,(OH), Molecular Orbitals 2 ~ 40| —\ ~ 40— fam)
uranium AOs oxo AOs O(H) ACs g g
MO energy s p d f s p s p g g
& 20— / \ & 20— \
5a, -1.72 0.8 74.1 1.4 23.4 g — 2 2 (182)
2a, —2.47 547 39.8 02 14-19 54 ° - ’
5hy —2.90 -0.4 84.6 1.4 10.8 32 8 g
43, —2.98 0.4 91.3 7.4 0.6 R e i Pher e
4h, —3.19 -0.1 97.0 06 10 0.2 0.2
3a, —3.28 99.6 0.2 Figure 3. Energy profiles of thela to 2a and 1b to 2b reactions.
3k, (HOMO) -8.19 4.7 22.2 57.4-04 15.6 Values in parentheses are energies relativea kcal mol™.
lay —8.76 —0.2 3.5 1.0 66.4 27.4
23, —9.00 1.0 9.3 87.6 16 SCHEME 2
2hy —9.24 7.8 385 0.4 120 1.4 384
1hy -9.30 11.7 87.6 H H H
1a, -10.15 - 1.4 24.2 1.2 73.0 o) /
1h, —10.19 0.8 244 16 17.4 0.4 54.6 o ': ,H“‘Q
A aSee relat_ed Wal_sh diagram in Figure bZ:ontrlbutlons from O'UJ'O/H TS-1c2¢c i =0~
ydrogen basis functions are negligible and not included. il e N
H O H o
TABLE 3: Energy (eV) and Mulliken Percent Character for
SelectedC, UO,(OH), Molecular Orbitals 2 1c 2c
energy uranium AOs oxo AOs  O(H) ACs H\ H\
MO (eV) s p d f s p s p O-H, O--H
7b —2.04 —01 80 695 14 16 19.4 V0 10
6a —246 183 0.8 14.8 43.0-6.0 9.6 186 H, {} H TS-1d2d Hoo | H
5a —327 02 09 90.7-0.2 50 08 20 o-\~0 —=—— o=U-0
6b —3.29 3.8 89.6 6.0 0.4 o)
5b —3.43 1.5 97.0 1.0 0.2
4a —3.44 —0.1 3.0 90.1 10 22 20 14 1d 2d
4b (HOMO) -8.07 39 25 130 0.6 60.8-0.8 19.2
3a —-868 -15 08 17 6.1 0.2 768 0.6 148 . . .
3b _8.98 19 10 142 08 746-04 68 acting as proton shuttles were also considered. It is important
2a -9.19 03 72 29 10 784 - 92 tonote again that all reported transition structures were fully
2b —9.55 49 3.0 284 254 12 364  optimized to verified first-order saddle points on the potential
la -1016 -0.2 13 29 170 08 88-02 688 energy surface. We avoided crude approximations to the first-
1b —10.19 1.5 07 239 16 142 0.8 56.4

2See related Walsh diagram in Figure Zontributions from
hydrogen basis functions are negligible and not included.

SCHEME 1

order saddle points based on rigid or relaxed coordinate driving
or scan techniques. These approaches are best used to provide
useful starting structures for full transition structure optimization.
The inadequacy of coordinate driving and scan methods when
full optimization is computationally feasible has been discussed

o H in a number of review article®¥:37-39
I H TS-1a2a (lj Figure 3 shows the reaction energy profiles Ta== 2a and
O'H“O’ E ,O—l|.|J=O 1b == 2b, and Figure 1 gives three-dimensional pictures of the
H/ (o) H o) transition structures for these two reactiofs$-1a2a and
TS-1b2b. The transformation ofla to 2a passes through an
1a 2a energy barrier of 43.1 kcal mol, whereas the isomerization
_H of 1b to 2b has a slightly higher barrier of 44.6 kcal mal
H (I? H TS-1b2b H\ CI) While neither reaction would be feasible at room temper-
\O’U'O/ —w 0O-U=0 ature, both isomerization processes may be possible in harsher
6 ('5 environments. For instance, it seems reasonable to expect that
both reactions occur under the conditions afforded in the
1b 2b incineration of uranium oxide in the presence of oxygen and

that bent uranyl complexes exigt!3 Not only do our calcula-
tions indicate that there are minima on the 3JOH), potential

water vapor where uranyl dihydroxide has been experi-
mentally detected, as mentioned earfiét-*> We also note that
under such conditions, stepwise rearrangements can lead to

energy surface corresponding to bent uranyl complexes but ouroverall transformations connecting any two of the species

results suggest that these compoun®@a,and 2b, may be
accessible at high temperatures.
Isomerization Reactions.With this structural information

considered here since-+DH bond rotations allow fola ==
1b and2a= 2b.%6
On the basis of experimental extended X-ray absorption fine

in hand, we proceeded to investigate potential modes of structure data on frozen solutions, Clark et al. proposed that
intramolecular rearrangement. While a number of multistep oxo ligand exchange in uranyl hydroxide complexes could be
processes can be imagined, we focus our attention here on theassisted by water molecules acting as proton shutlEsoton

two elementary, single-step reactions shown in Scheme 1. Asshuttle reactions are known to catalyze a number of organic
discussed below, these processes were initially modeled as gasand biochemical reactiort$-4° We carried out calculations to
phase reactions, that is, without the inclusion (or modeling) of ascertain the catalytic effect, if any, of a water molecule serving
solvent molecules. Conformational conversions aided by explicit as a proton shuttle (Scheme 2). As before, full geometry
water molecules, not contained in the first coordination shell, optimizations have been carried out for the 3)QH), + H,O
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Figure 4. Optimized geometries fotc, 1d, 2¢, 2d, TS-1c2¢ and TS-1d2d See Table 4 for geometric parameters.

TABLE 4: Energies and Selected Bond Lengths (A) and
Angles (deg) of 1c, 1d, 2c, and 2d (energies are reported in ~ 40— ~ 40
kcal mol~1 relative to 1c) rg TE:

1c 1d 2c 2d §, TS-1c2¢ (22.1) §, TS-1d2d (23.2)
energy 0.0 0.3 14.3 15.6 B 20 N 8 20 G
u=0 1.80,1.79  1.80,1.78 1.85,182 185181 & ey O 2d(156)
U—-OH 2.09,2.12 2.09,2.12 2.04,2.09 206,210 £ 2
O—H 0.98, 0.97 0.98,0.97 0.99,0.97 0.99,0.97 2 o — e o —
O0=U=0 1705 169.7 98.8 99.1 109 1409
HO—-U-OH 112.1 113.3 87.1 85.0

Figure 5. Energy profiles of thd.cto 2cand1d to 2d reactions. Values

. . in parentheses are energies relative.¢edn kcal mol™.
adducts and the corresponding proton shuttle transition struc-

tures. The adducts dfa and 1b with water have been labeled We note that all attempts to locate transition structures
1lcandld, respectively. Adducts dfa, 2b, and the isomerization  corresponding to isoenergetic dual-ligand-exchange reactions
transition structures with water are labeled in like fashion. (i.e.,1a== 1a 2a= 23, etc.) failed. Similarly, we were unable
Minimized geometries of these structures are shown pictorially to find transition structures corresponding to dual-ligand
in Figure 4, key geometric parameters and energies are listedexchange via two water mediated proton shuttles (Les=

in Table 4, and Figure 5 shows the energy profiles for the 1c, 2c == 2c, etc.). In every case, our optimizations yielded
reactions in Scheme 2. As shown in Figure 5, the presence ofsecond- or higher-order saddle points on the potential energy
a water molecule acting as a proton shuttle strikingly decreasessurface. Thus, based on these results, oxo exchange cannot be
the reaction barriers for isomerization by roughly 20 kcal attributed to concerted motion of the hydroxide hydrogen atoms.
mol~L. This result is compatible with the effect of water catalysis Related to these results, previous theoretical work oa(0B),2~

via proton shuttle systems in organic and biochemical reac- noted that all attempts to find transition structures for dual-
tions 4766 ligand-exchange mechanisms also failed and yielded second-
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Figure 6. Calculated gas-phase IR spectralafand2a. The top spectrum (dashed line)la and the bottom spectrum (solid line) 2

order saddle point$ Thus, UQ(OH); ligand exchange reactions
proceed preferentially in a sequential manner.

Predicted Vibrational Spectroscopy.From the isomerization
studies above, it is clear that the formation of a bertl3=0

not discriminate between the linear and bent uranyl struc-
tural features as clearly as IR spectroscopy, where the strong
peaks due to BFO antisymmetric stretch modes are sep-
arated by more than 100 crh(see below). Therefore, we focus

angle may be feasible for uranyl dihydroxide under appropriate the remainder of our discussion in this section on IR spec-
conditions. Certainly, our results do not provide definitive troscopy.

evidence for an analogous structural motif in other uranyl  The gas-phase IR spectrum b& can be broken into five
complexes, but we expect the barriers for isomerization for other vibrational regions. Uranyl bending modes yield bands observed

uranyl hydroxide complexes to be similar, and preliminary in the far-infrared (not shown in Figures 6 or 7), ane-OH
calculations suggest that the isomerization barriers will be further bending modes give rise to a weak peak at 459cand two
stabilized by solvation. Our results are also consistent with stronger intensity peaks at 487 and 514-énthe doublet at

experimental work on UGSOH); and UQ(OH)? by Clark et

557 and 575 cmt is due to U-OH stretching modes. A very

al12and theoretical investigations by Schreckenbach, Hay, andstrong peak is observed at 952 chtorresponding to the B

Martin.13

antisymmetric uranyl stretch, and the hydroxide stretching

Infrared (IR) spectroscopy remains one of the principal probes modes overlap and give rise to a broad peak centered at ca.

of uranyl complexes, especially in the diagnostreO stretch-
ing region. The intrinsically different structures of the linear
uranyl dihydroxide complexesl@ and 1b) and the bent
complexes Za and 2b) lead naturally to questions about their

3864 cnt! (not shown in Figures 6 or 7). The A symmetric
uranyl stretch inla gives rise to a very weak peak at 879
cm~L; if the molecule hadCy, symmetry, then this band would
be IR forbidden. Similar assignments exist for the spectrum of

predicted stretching frequencies. With respect to solution IR 2a however, because of the strongly bent=0=0O and
spectroscopy, linear uranyl complexes generally show only the HO—U—OH linkages, modes that are (nearly) symmetry forbid-

strong antisymmetric &U=0 stretch because the symmetric

den for 1a are now predicted to be much more intense. In

stretch is either formally forbidden or very weak. The bent particular, the symmetric AHO—U—OH stretch at 560 crt
complexes are expected to exhibit IR-allowed symmetric and and G=U=O stretch at 879 cm are predicted to have

antisymmetric stretches that, in the limit of a°90=U=0

significant intensity and no corresponding bands in the linear

angle, should be roughly equal in intensity. These notions uranyl complexes. Interestingly, the relative ordering of the
are supported in Figure 6, which shows the calculated gas-symmetric and antisymmetric uranyl stretching bands changes

phase IR spectra for the linear and bent f@H), struc-

in the 1a and2a vibrational spectra; fola, the antisymmetric

tures,1a and 2a. We have also calculated the Raman spectra stretch is 73 cmt higher in energy, while the symmetric stretch

for 1a and 2a, which are shown together in Figure 7. As

is 51 cnt® higher in the2a spectrum. We also note that the

expected for nearly centrosymmetric compounds, Raman scat-average B=0 stretching frequency is 62 crhhigher inlathan
tering activities are large for modes where the IR intensities in 2a, which suggests slightly stronger=0 bonding in the
are small and vice versa. As a result, the most intense peakdinear system.

in the Raman spectra for both compounds are bands due to To understand the origin of the symmetric/antisymmetric

OH symmetric stretching modes (at3850 cnT?, not shown
in Figure 7) and bands due to the=l® symmetric stretch

uranyl stretch frequency reversal froba to 2a further, we
compared the force constant matrixes of these two compounds.

modes. Since the 80 symmetric stretch modes appear at The observed switch in ordering is due to a change in the sign

the same frequency fdra and 2a, Raman spectroscopy does

of the U=0/U=0 interaction force constant. The difference in
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Figure 7. Calculated gas-phase Raman spectrdafnd2a. The top spectrum (dashed line)lia and the bottom spectrum (solid line) 2s.

the splitting of the uranyl symmetric and antisymmetric bands 4. Conclusions

for 1laand2a (73 vs 51 cm?) is mostly due to differences in
the magnitudes of the 50/U=0 interaction force constant,

but smaller differences in other off-diagonal terms in the force
constant matrix also contribute. The difference between the

U=0/U=0 interaction force constants ida and 2a is
0.050 au Kjoy—o = —0.010 au,kio o = 0.040 au).

In this work, we have used DFT calculations to study the
structure, bonding, and relative isomeric stabilities of,(@H),.
Barriers of reaction for isomeric rearrangement processes were
also investigated. The results indicate that, consistent with
conventional wisdom, isomers containing a linear uranyl sub-
unit are more favored than those containing a bent uranyl

Other key differences between interaction force constants grrangement. Free molecule isomerization of urany! dihydrox-

with the U=0O coordinates irla and 2a arise from coupling
with the G=U=0O bend coordinatekt,ioyozuzo = 0.010 au,
kff‘:o,ozuzo = —0.001 au), the YOH stretch coordinate
(Ko on = 0.025, 0.022 au’’, , oy = 0.033, 0.001 au),
and the U-O—H bend coordinate k(o , oy = 0.006,
—0.002 au,kﬁiO’U_O_H = 0.010,—0.005 au). On the basis of

ide (in the gas phase) from a linear uranyl arrangement to a
bent structure seems unlikely under standard conditions. In
the presence of water, the results suggest that isomerization
and formation of the bent structure may occur via a proton
shuttle mechanism. Facilitation of the proton shuttle by a
water molecule decreases the barrier of isomerization by

Raman spectroscopic data, Nguyen-Trung et al. have reported@Ughly 20 kcal mat* in the gas phase. The current work also
that a linear correlation can be made between the uranyl stretchincludes calculated IR ‘and Raman spectra for »(@),
frequencies and the average number of equatorial ligafitis. complexes exhibiting linear and bent uranyl moieties. The data

nonnegligible B=O/U—OH interaction force constants docu- clezrly md;)cate_l_thadt thg symmgtr|c=€DJ=(l) b?’?d stretch
mented here suggest that this observation may be caused b)V”Od € canhe utilize tg deuletta'l 3nt uranty Iun_|t ]!nz(@);l_)z, ‘
the coupling between 80 and a varying number of HYOH and twe ave E)rlc.Jvt| € id et.a'.e tspec ral in ?rm%mP ol
stretch coordinates. However, charge effects may also beaziljsexpenmenalssw entifying the appropriate vibrational
responsible for this trend. It also seems reasonable, based orp . . . S

. . . While the presence of monomeric uranyl dihydroxide is
our results, to expect a similar correlation between the coordina-

tion number of a complex containing a bent uranyl subunit. A questionable in solution, this system maintains value as a
. . . ‘. model compound for the more complicated structures that are
careful study of these potential effects will be the subject of a

future work surely present. The energigs of activation computed for isqlated
) UO,(OH), should be similar to those of uranyl hydroxide
Will'it be possible to use these computational results to assist compounds with higher hydroxide ligand coordination. The
in the unequivocal identification of bent uranyl complexes in  yiprational spectra included here should also provide a qualita-
solution or in the gas phase? The energy difference betweentiye description for the vibrational spectra for this family of
the linear and bent uranyl complexes suggests that an equilib-compounds and may be applicable to the broaderXJO
rium between the two will overwhelmingly favor the linear form,  stryctural class.
and microscopic reversibility requires that the linear-to-bent
conversion proceeds in both directions. However, because the Acknowledgment. H.P.H. acknowledges the Institute for
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