9456 J. Phys. Chem. R003,107,9456-9462

Mechanisms of Ligand Exchange Reactions, A Quantum Chemical Study of the Reaction
UO2*"(Aq) + HF(AQ) — UOzF*(Aq) + H™(Aq)

Takashi Toraishi,™ Timofei Privalov,* * Bernd Schimmelpfennig® UIf Wahlgren, and
Ingmar Grenthe*

Inorganic Chemistry, Department of Chemistry, The Royal Institute of Technology, Stockholm, Sweden,
Organic Chemistry, Department of Chemistry, The Royal Institute of Technology, Stockholm, Sweden,
AlbaNasa University Center, Institute of Physics, Stockholm démsity, Stockholm, Sweden, and
Department of Quantum Engineering and Systems Science, Graduate School of Engineering,

The Unversity of Tokyo, Tokyo, Japan

Receied: April 17, 2003; In Final Form: August 26, 2003

The thermodynamics and the reaction mechanism for the reactiof"(@Q) + HF(aq) — UO.F(aq) +

H*(aq) in water solution has been studied using quantum chemical methods. The solvent was modeled using
the polarized medium method (CPCM) with additional water molecules in the second coordination sphere of
the complexes studied. The overall reaction was divided into three steps that were analyzed separately. The
guantum chemical study was made on the reaction step(f40)s?"],HF(H,0), — [UO,F (H,0),1],H:0"

(H20)n, with n =1 and 2, where the species in the second coordination sphere are located outside the square
brackets. The formation of the precursor complex and dissociation of the successor complex were described
by the Fuoss equation. The geometry of the different precursor and successor complexes was in good agreement
with known bond distances, and strong F- - -H- - -O, and/or O- - -H- - -O hydrogen bonds are an important
structure element in all of them. The Gibbs energy, enthalpy, and entropy of reaction was calculated using
the electronic energy at the MP2 level in the solvent, with thermal functions calculated at the SCF/B3LYP
levels using the gas-phase geometry. The calculated Gibbs energy of reactica foat 298.15 K was-35

kJ/mol at the HF and-25 kJ/mol at the B3LYP level after correction for a known systematic error in the HF
bond energy; this compares favorably with the experimental valfel, kJ/mol. The ligand exchange
mechanism was explored by identification of a transition state where HF from the second sphere enters the
first coordination sphere in an associative reaction. It was not possible to identify the same transition state
from the successor side, indicating that the reaction mechanism consists of at least two steps. We suggest that
the rate determining step is the entry of HF from the second to the first coordination sphere, with practically
no bond-breaking as indicated by the small change in thé-Histance between precursor and transition

state. This suggestion is supported by the experimentally observed reverse H/D isotope effect. The quantum

chemical activation energgU™ was 34 kJ/mol, close to the experimental activation enthalpy’ = 38

kJd/mol.
Introduction the following more complex exchange reaction
In some recent studies, we have investigated the rate and UO,”"(ag)+ HF(ag)=UO,F"(ag)+ H'(aq) (1)
mechanism of water and fluoride exchange in different uranyl
complexes using experimentat and quantum chemical (ab for which the rate constant and the activation energy has been

initio) methods. The latter require a reasonably good model of studied in H,O and 80% BO/H,O at a constant perchloric acid
the solvent in order to justify comparison with experimental concentration of 1.00 M, using dynamic NMR technique
data. For fluoride complexes of uranyl(M)we found it (*’0 enriched UG*"). The experimental rate equation,=
necessary to use specific water molecules in the secondk.,,JUO,2T][HF], is consistent with a mechanism that involves
coordination sphere, in addition to the continuum solvent model several steps, the formation of an outer-sphere complex between
(CPCM), to describe the main features of the experimental data. UO,>"(aq) and HF, followed by proton transfer to water in the

In the present study we will use quantum chemical methods to second coordination sphere and entry of fluoride/dissociation
describe the thermodynamics and the reaction mechanism ofof water in the first coordination sphere. The experimental data
do not provide information on the timing of the various bond
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the intimate mechanism for reaction 1 by using quantum and optimizing the geometry for each step at constantU
chemical methods. This requires both proper theory methodsdistance; the calculations were very time-consuming due to the
and chemical models, where the level of detail of the solvent slow geometry convergence. When a single imaginary frequency

model is particularly important. was found, we tried to follow this to locate the transition state.
However, the automated procedure failed, and we had to resort
Methods to the much more time-consuming mapping of the configuration

space along the assumed reaction pathway. The Gibbs energy,
enthalpy, and entropy of reaction were estimated from the MP2
and B3LYP energy within the CPCM model, the partition
functions were obtained from the gas-phase frequencies calcu-
lated at the SCF and B3LYP levels using Gaussian98.

Model Reactions.The experimental equilibrium constant, log
K(1) and the Gibbs energy of reactioh°, for the stoichio-
' metric reaction 1 is equal to 1.9% 0.13"° and—10.9 kJ/mol,
respectively. To compare them with the values calculated by
theory, we have divided reaction 1 into the following three
reactions:

Computational Details. Energy consistent effective core
potentials (ECP) of the Stuttgart typevere used in all
calculations; previous studi€s? have proved their accuracy.
We used the small core ECP with 32 electrons in the valence
shell for uraniumt? The oxygen and the fluorine atoms were
described by the same type of energy consistent EERVith
polarizing d-functions included in the basis set; for hydrogen
we used basis set parameters suggested by Huzthagh 5s
functions contracted to 3s. The geometry optimizations were
made using this hydrogen basis set, while a diffpganction
with the exponent 0.8 was added for the energy calculations at
the correlated level. In the following sections, we refer to the 2t
first basis set as “small”, while the latter one is described as UO,(H,0)s"" + HF(H,0), —

“big”. [UO,(H,0)s* THF(H,0), (2)

The calculations were carried out using the program packages

Molcas5® and Gauss_iangﬁ,wi_th geomet_ries optimized at the [Uoz(Hzo)ser]’HF(Hzo)n .

SCF/B3LYP level using gradient technique. The geometry of

the precursor and successor complexes was initially optimized [UO,(H,0),F 1,H,0"(H,0), (3)
without symmetry constraints. Some of the refined structures

turned out to have symmetry cIo_se @ in th(_ese cases, we [UOZ(H20)4F+],H3O+(HZO)n—>

repeated the geometry optimization using this symmetry con- . n

straint; the energy difference between the constrained and [UO,(H0),F '] + H;O0 (H0), (4)
unconstrained models was sma¥#,3 kJ/mol, (see Supporting

Information Table S2). The possibility to use symmetry Wherendenotes the number of water molecules in the chemical
constraints was an obvious advantage for the computationallymodels tested; species in the second coordination sphere are
expensive series of transition state geometry optimizations. ~ outside the square brackets. The equilibrium constants for the

Correlation effects estimated at the MP2 and B3LYP levels Outer-sphere reactions 2 and 4 estimated using the Fuoss
were obtained by single-point calculations at the geometry €quationinrélaand b are 0.3 M and 13.5 M, respectively,
optimized at the SCF and B3LYP levels, respectively. In the while that for the intra-molecular reaction 3 was obtained by
MP2 |eve| CalculannS, the§ 5p' and @ She"s Of uranium quantum Chemlcal methOdS ReaCtIOI"IS 2 aﬂd 4 are dlfoSIon
were kept frozen. Solvent effects were estimated within CPCM controlled, and reaction 3 must therefore contain the rate
(polarized continuum model) as implemented in Moléamd determining step. Our focus is on reaction 3 with the analysis
Gaussian98; for computational reasons, it was not possible toOf the energy and structure of the precursor and successor
include a complete second coordination sphere in the models.complexes, [UgH0)s*"]HF(H,0), and [UG(H0)sF*],H:0*-

The first step in the quantum chemical modeling was to study (H20)., and the transition state along the proposed reaction
the complexes and reactions in gas-phase with a few explicitly Pathway. We have tested models with= 1 and 2 and have,
treated water molecules (geometry optimization of the precursor/ for comparison, also included structures and electronic energies
successor complexes without use of the continuum solvent Of the complexes witm = 0.

model). This was followed by inclusion of a continuum solvent

by using the CPCM model. Our previous experiénéendicates ~ Results

that such an approach often is sufficient to describe experimental = Structures of the Precursor and Successor Complexes in
observations rather well. the UO,(H-0)s2" — HF(H »0), Models. The bond distances

In a previous communicatiof, we have shown that it is  of the precursor/successor complexes wits 0—2 are shown
necessary to use extended basis sets to describe consistentiyy Table 1. All bond distances are in good agreement with
the H-F and U-F bonds. Therefore, we investigated how the crystallographic and EXAFS data; the®i" unit has a trigonal
calculated reaction energies depend on the choice of basis setsplanar geometry, as compared to flattened pyramid geometry
this was done using symmetry constrained precursor/successoin solid-state structures. Coordinates and absolute energies are
models. given in Tables S1, S2, and S3. We identified two dif-

The SCF gas-phase geometry was the starting point for ferent precursor geometries for the model complex fJO
exploring the configuration space in order to find possible (H,0)s?"],HF,(H.0), one close to th€s symmetry, Figure 1A,
reaction pathways. The search for transition states was initiatedand the other one without symmetry, Figure 1B; the latter is
starting from both the precursor complex [k820)s2"],HF- less stable by 26.6 kJ/mol (gas phase, SCF). The geometry of
(H20), and the successor complex [L{B,0)4F"],H30"(HO)n, the “symmetric” precursor was also obtained usthg@ymmetry
by calculating the energy variation along the assumed reactionconstraints; the geometry was very close to that without
coordinate. As described later, most of the attempts failed, and symmetry constraint (Figure 1D), and the total energy was 0.89
it was only possible to identify a single transition state by kJ/mol higher. A comparison between the structures in Figure
following the U-F reaction coordinate in the system with= 1, parts A and B shows the importance of hydrogen bonding,
2. This was achieved by stepwise changes of thé-Udistance the F- - -H distance is strongly dependent on the interactions
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TABLE 1: Calculated Bond Distances at the SCF Level in the Precursor/Successor Complexes with= 0, 1, 2

HOH—OH,

complex figure F---HOH F---HOH U-+-OH; FUQ, angle (2nd sphere-
(symmetry) U-F H-F H,O-+-HF (2) (2) (trans water) (degree) 3rd sphere)

precursor figure 1A (9 3.97 0.97 1.46 1.80 1.83 2.49 65.54

precursor figure 1B (9§ 4.02 0.92 1.74 2.86 1.74 2.50 58.46

successor figure 1C (¢ 2.25 1.49 0.99 2.44 3.35 92.45

precursor figure 1D (§ 4.02 0.97 1.46 1.82 1.82 2.49 67.30

successor figure 2 (Cs) 2.26 1.49 0.99 2.64 2.64 91.84 1.44

Precursor Figure 3A (§ 3.96 1.01 1.33 1.74 1.74 2.49 68.74 1.66

successor figure 3B (€ 2.25 1.45 1.00 3.182 3.181 4.28 90.78 1.47

figure 4A (G) 4.09 0.91 2.03 2.03 2.49 61.44

figure 4B (G) 2.13 2.35 2.34 3.84 94.12

TS Figure 5 (Q 2.60 1.03 1.31 2.30 2.30 2.48 70.54 1.64

aBond distances are in A.

with water in the second coordination sphere. In the symmetric cessor no imaginary frequency. The former corresponds to a
precursor complexes (Figure 1A), the-R distance is 0.97 A, translation movement between the two possible HF locations
with H participating in strong linear hydrogen bonding (the with the activation energy 3.2 kJ/mol. The geometry of the
H,O- - -HF distance is 1.47 A). In the asymmetric precursor transition state is shown in Figure 2.
(Figure 1B), the HO- - -HF distance is 0.92 A, close to the The structures of the precursor and successor complexes
value in gas-phase, a result of the much weaker, slightly bent,with n = 2, [UOy(H,0)s?*],HF(H,0);] and (HO)[(UOF-
hydrogen bond to water (the distanceH - -HF is 1.74 A). (H20)4M,(H30™)(H20)], are shown in Figure 3, parts A, B,
We found only one nonsymmetric successor complex; its respectively. Both have symmetry closeGg and the energy
geometry indicates that there are two equivalent structures (cf.difference between structures optimized with and without
Figure 1C). This was confirmed by a geometry optimization symmetry constraints is negligible (see Table S2, the energy
usingCs symmetry, where a frequency calculation showed that difference is less than 0.004kJ/mol). Strong, slightly asymmetric
the symmetric successor has one and the nonsymmetric suchydrogen bonds, +H--+(OH,), and F ---(H30")(H,0), respec-
tively, are important elements in both the precursor and

(A) (B) successor structures. The-R distance, 1.01 A, is longer than
. the gas-phase value and also slightly longer than that found in
% \b. the symmetric precursor with = 1.
_ =I The symmetry plane through the W@roup and the fluoride
= S Py '. A suggests a reaction pathway that involves a proton transfer from
\ - &\V‘ the outer-sphere HF to the third sphere@+-H,0) group, and
\ - ¥ with the release of the coordinated water in trgesition to
P 3_{_,?"“ 1N the entering fluoride. However, as described in the following
L /R "".,, section, the mechanism is more complex.
1ie ‘;?'-3-‘ 2 i All calculations for the model system with= 0 were made
Wi N PSRkl using symmetry constraints; there is no stable successor complex
» ?v 171 00 [UO2(H,0)4Ft](H3O™). Optimization of the successor geometry
‘ (Figure 4B) results in proton transfer fromg®t to F-, and
() (D) therefore only the structures of [U®,0)s2"],HF and [UG-
5\ . (H20)4F*] are reported (cf. Figure 4).
. ] L The F-H distance in the precursor is 0.91 A, close to the
d ) i gas-phase value, while the+F distance in the successor, 2.13
_ o ' A, is about 0.10 A shorter than the value found for the successor
—— . ‘\ &~ complexes wittn = 1 or 2, and that in UgF2~ (ref 7).
3.35 2.25 \E : L
® 402\ l’
244 © P 5 \ L
\ 1.49 b IH:Q ik ™
Lorgl 19 ‘:'Hf‘ \b - %\
1454 ?u.qs { N ™~
—@ ° : 2.26 ‘.
. 204 @ <
Figure 1. Precursor/successor complexes PHDO)s?"],HF(H.O)/ Z0%
[UO2(H20)4F], HsO*(H,0) as optimized without symmetry constraints. (1.50

(A) Precursor with geometry close @. (B) Precursor complex with

an asymmetric bonding of HF and water in the second coordination

sphere. (C) The (nonsymmetric) successor complex. The dashed lines 14480
indicate hydrogen bond interactions. The bond distances are given in 0 g\

A. There are two possible locations of the fluoride in C, the one shown \

here and the other where the distance®f) and HO(2) are 2.44 Figure 2. The successor complex [U®,0).F"],H;0"(H.0) opti-

and 3.25 A, respectively. (D) The symmetrical analogue of the precursor mized in Cs symmetry; this is not a stable structure but represents a
complex from (A) optimized witm = 1 (6 water molecules), within transition state (cf. text). The dashed lines indicate hydrogen bond
the Cs point group. interactions. The bond distances are given in A.
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(A) & (A)

8 (B)

(B)

LS = .
235
K Figure 4. (A) The precursor complex [UfH.0)s"],HF. (B) The inner
147 coordination sphere of the successor complex {B120),F](H20).
\._‘.\.? :ghe hydrogen bonds are dashed, and all bond distances are given in

Figure 3. Precursadisuccessor complexes with seven water molecules TABLE 2: The Electronic Energy Change, AU (in kJ/mol)
optimized without symmetry constraints. Note the very small deviation ;i ine HE. MP2. and B3LYP Levels for thé Model Reactidns
of the geometry fronC, symmetry. (A) The structure of the precursor  \yith Six and Seven Water Molecules

complex [UQ(H,0)s>*],HF(H20).. (B) The structure of the successor

complex [UQ(H;0)4F*],Hs0*(H,0).. The hydrogen bonds are dashed, _ basis level of symmetry AU
and all bond distances are given in A medium set computation  constraint (kJ/mol)

model with 6 water molecules

The Thermodynamics of the Precursor/Successor Reac-  9as small SCF frg%(f'i’éﬁfgrfg)r —14.62
tion. The SCF, MP2, and B3LYP electro'nic energy changes, gas small SCE c —11.44
AU, for the “precursor— successor” reaction 3 for= 1 and gas small MP2 ¢ —22.81
2 are given in Table 2 for the gas phase and solvent calculationsgas large MP2 € —13.91
with small and large basis sets. The entrd®y zero point ~ Solvent(CPCM) large MP2 £ —54

. . gas small SCF no (precursor —41.20
energy, and temperature functions for the enthalpy and Gibbs from figure 1B)
corr COrT, i
free energyH (D anplG (T), obtained from the frequency model with 7 water molecules
calculations are given in Table S4. The change in enthalpjy, gas small SCF no —33.32
and Gibbs free energAG® for reaction 3 are given in Table gas small SCF ¢ —33.32
3; they were obtained using the MP2 and B3LYP level electronic gas small MP2 S —38.92
energies. The B3LYP data were used to compare the electronicgzz :g;gg '\B";_zYP g :ig'ig
energy and the partition functions at the same level of theory. golvent (CPCM) Sn?a" MP2 c —6658
The small differences between the SCF and B3LYP frequenciessolvent (CPCM) large MP2/B3LYP £ —56.90/60.02

indicate (Table S4) that the SCF level thermal functions are

quite good for the calculations of the enthalpy and Gibbs free only 24 kJ/mol for the model with seven water molecules.
energy changes. For reaction 3, with= 1 and the symmetric  However, the net energy change at the MP2 level with addition
precursor and successor complexes, the change in the puref CPCM is very similar for both models=57 and—54 kJ/

electronic energy at the MP2 level in the gas phase22.8 mol.

kJ/mol using the small anet13.9 kJ/mol using the large basis It seems appropriate to discuss in more detail the difference
set. The difference is small, 9 k/mol, compared to that betweenin the combined solvent and correlation effects for the two
the symmetric and nonsymmetric structure model29.8 kJ/ models. These differences cannot be explained by large changes
mol. For reaction 3 witm = 2, the MP2 value oAU for the in correlation contributions, as an estimate at the MP2 level
gas-phase reaction is38.9 and—32.9 kJ/mol for the small  gives small and very similar results for the six- and seven-water

and large basis sets, respectively, indicating good stability of systems: the difference between the SCF (small basis) and MP2
the results with the change of basis set. The B3LYP value of (large basis) level electronic reaction energies is 3 and 0.32 kJ/
AU obtained with the large basis set-€l5.4 kJ/mol. mol, respectively. The increase of the basis set (addition of
The corresponding energies of reaction in the solvent for the p-basis functions for H atoms) affects the MP2 energies in both
two models are given in Table 1. For the model with six water models in a very similar fashion, an increase\ild with 9 and
molecules, the effect of adding CPCM is 40 kJ/mol, while itis 6 kJ/mol, respectively, for the six- and seven-water models.
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TABLE 3: The Electronic Energies, AU (kJ/mol) at the

MP2 and B3LYP Levels with the Large Basis Set in the Gas
Phase and Solvent (within the CPCM model); the Enthalpies
of Reaction, AH® (kJ/mol); the Gibbs Free Energies of
Reaction, AG® (kJ/mol); and the Molar Entropy, S° (J/mol/
K) for the Precursor and Successor Complexés

Toraishi et al.

S°
AU AH° AG° (method)
reaction (kJ/mol) (kJ/mol) (kd/mol)  J/mol/K
model gas/solvent gas/solvent gas/solvent prec/succ
6 waters —14/-54 -19/-56 —16/-56 (SCF)/ Figure 5. The suggested transition state for the transfer of HF from
s:lggymmetry) 642/633 the second to the first coordination sphere in the reactionfUO
(H20)52],HF(H,0), — [UO5(H20)4F*],H30"(H,0). Uranium is six
7 waters —33/-57 81455 —27/-50 (8(7:':)/ coordinated with a short distance, 2.60 A between uranium and the
ﬁﬂcézymmetry) 03/690 entering HF, indicating an associative reaction mechanism. The
L oL Cmol distances F---H and H---OHin the linear hydrogen bond are
7 wgters t 45/-60 49/-56 39/-58 (Bglég;)% essentially the same as those in the precursor complex (Figure 2A).
|(33S|_S\)(/gme y) The black dashed line denotes the entering HF and the gray dashed

lines hydrogen bonds.

@ The reference temperature is 298.15 K.

at the B3LYP level makes the estimatA&°(eq 3) uncertain.
Therefore, the difference in the reaction energy at MP2 level However, it does provide a strong indication that thé°(eq
with addition of CPCM is generated solely by the difference in 3) is underestimated by some-280 kJ/mol in the calculations.
CPCM contributions to the energy of the precursor/successor Ab Initio Studies of the Reaction Pathway.The determi-
complexes. nation of the possible transition states (TS) and intermediates
The successor complex in Figure 3B has one water moleculeis the key to an appropriate description of the reaction pathway
at the second coordination sphere, as compared to the successarith ab initio methods. An obvious difficulty in the search for
complex in Figure 1C. It is reasonable to suggest that some ofthe transition state for reaction 3 is that it may not be an
the solvent effects are already accounted for at the SCF levelelementary reaction. In addition, the large number of degrees of
for the successor in Figure 3B, due to the presence of the waterfreedom in the complexes makes it difficult to select an
molecule in the second coordination sphere. This would most appropriate reaction coordinate. We will therefore give a rather
probably give rise to a more stable successor complex and largerdetailed description of the attempts made to localize transition
reaction energy for the model with seven waters as comparedstates. All attempts in the model with= 1 failed. Our efforts
to that with six waters. The CPCM is mainly used to mimic the were therefore concentrated on the reaction with 2 where
bulk water solvent. In agreement with our previous experiérce,  we started from the precursor complex using theFUdistance
the CPCM effect becomes smaller for the system with more as the reaction coordinate. The HF in the precursor is located
water molecules, as expected (cf. Table. 1). outside the equatorial plane in Y@l,0)s2" at a distance of
The DFT results agree well, within less than 13 kJ/mol, with 3.96 A from uranium; the geometry is similar to that found for
the results obtained at the MP2 level. The enthalpy and Gibbsthe UG(H,0)s2" intermediate in the associative water exchange
energies of reaction are obtained as described above, using thenechanism between U(H,0)s>" and the water solverdtThe
electronic energy from the large basis set calculations given in results of the transition state search are shown as black circles
Table 3. By combining the quantum chemical Gibbs energy of in Figure 6, where the energy of the geometry optimized
reaction with the estimated outer-sphere equilibrium constantscomplexes withCs symmetry are plotted at different tF
for reactions 2 and 4, we obtain an estimated Gibbs energy of distances. Starting from the precursor, it was possible to follow

reaction 1 (at the MP2 level) equal 67 and—50kJ/mol for
n =1 and 2, respectively, ane58 kJ/mol forn = 2 with
B3LYP. The corresponding experimental value-i$0.9+ 0.7

the U—F distance from 3.96 to 2.60 A; at shorter distances, the
calculations failed. We then tried to approach the transition state
from the successor, starting from a—B distance of 2.26 A

kJ/mol; the difference is significant. However, in a previous and increasing this stepwise; however, at aRJdistance of
study® we have used experimental thermodynamic data for gas- 2.35 A, the calculations failed again. The fact that we could
phase reactions in the U(\MH,O—HF system to estimate the  not identify the transition state starting from the successor
accuracy of our quantum chemical methods. This study indicatescomplex shows that the reaction pathway cannot be described
that there is a systematic error in reactions where HF participatesby using the U-F distance as the single reaction coordinate;
and that it is possible to make an empirical correction of this reaction 3 is not an elementary reaction. A frequency analysis
error and thereby to obtain a good agreement between experi-made at the U-F distances 2.35, 2.60, 2.65, 2.70, 2.75, and
ment and theory for a large number of reactions. The correction 2.85 A showed a single imaginary frequency at 2.60, 2.65, 2.70
at the MP2 level is approximately18 kJ/mol for each HF and 2.75 A, consistent with a saddle point; the imaginary
reactant and-33 kJ/mol at the B3LYP level (based on the frequency corresponds to the movement of the [HECHyroup
results for reaction 2 in ref 17). Applying this correction to closer to the U atom. At the other distances, we found two or
reaction 3, we obtailhG°(eq 3)= —41 and—35 kJ/mol forn more imaginary frequencies, indicating that the structures are
=1 and 2 at the MP2 level, respectively, ar@5 kJ/mol for not located along the reaction pathway of lowest energy. The
n = 2 at the B3LYP level. The difference between the first part of the potential energyreaction coordinate curve has
experimental and theory based thermodynamic data is nowa very broad maximum, and we have taken the geometry at the
satisfactory at the B3LYP level, but is still fairly large at the U—F distance of 2.60 A (Figure 5) as representative for the
MP2 level, although it seems to decrease with increasing numbertransition state. In this structure, the five spectator water
of water molecules in the model. The application of the HF molecules have moved out of the equatorial plane, but with only
correction from ref 13 is quite crude, and the large correction a small increase in their distance to uranium. There is a
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Mechanisms of Ligand Exchange Reactions
energy,AU”™ = 19 kJ/mol, for the water exchange along the

80 T T T
TS A/l pathway in the reactions [U{H,0)s]%",(H,0); this may
m be a good estimate also for the activation energy for the release
/ of water from [UQ(H.0)sHF(H.O),2t]*, or a corresponding
60 ] N ] intermediate. The activation energy for the entry of HF in the
L first coordination sphere is higher, 34 kJ/mol, in fair agreement
NG with the experimental valueAH* = 38 kJ/mol and may
) therefore refer to the rate-determining step in the exchange

Y] reaction

UO,**(aq)+ HF(ag)= UO,F"(aq)+ H(aq)

40+

energy (kJ/mol)

20 ," .
l ! Conclusion
/ Comparison with Experimental Rate Equations, Activa-
tion Energies, and MechanismsThe experimental rate equa-
tion for reaction 1

0 & . . . .
2 22 24 26 2.8 3 3.2 3.4 3.6 3.8 4

U distance () UO,™"(ag) + HF(aq)=UO,F"(aq) + H'(aq) (1)
Figure 6. The electronic energy versus the reaction coordinate (the
U—F distance) for the exchange of HF between the first and second s consistent with other mechanisms, in addition to the associa-
g??;g'2?]3(ﬂg,,S%haerLe;Sggeesg‘;':‘g%xg:?e(?Sg)gr ]r's_c,';((:::zt(i?/)ezi;.e'?ﬁteloennergy tive one discussed in the previous section (cf. ref 1). The present
is given in kJ/mol and the YF distance in A. The dark black circles study gives _st_rong Sup_pOft for a complex mechanism where the
denote the optimized geometries at the SCF level at the gas phase wittfate-determining step is the transfer of HF from the second to
the U—F distance constrained during the geometry optimization (see the first coordination sphere, without complete bond breaking
text). in HF. The reaction is associative, with six-coordination in the
transition state and a short U- - -FH distance of-267 A. The
significant change in the orientation of the water molecules on str'or?g reverse isotope effect qbserved in the exchange regction
both sides of the entering HF between the precursor and thel IS in excellent agreement with the theory-based deductions;
transition state. The increase in the I distance between the It IS @ ground-state effect due to the strong hydrogen bonding
precursor and the assumed transition state is very small, 0.015" the precursor and a small bond breaking in the entering HF
A, with no change in the hydrogen bond donacceptor N the rate determining step. The activation enefdy” =34
distance F- - -O, indicating that there is no bond breaking in K3/mol is in good agreement with the experimental activation
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