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Bimolecular reactions of uranium oxide molecular anions with methanol have been studied experimentally, by Fourier
transform ion cyclotron resonancemass spectrometry, and computationally, by density functional theory (DFT). The primary
goals were to provide fundamental insights into mechanistic and structural details of model reactions of uranium oxides with
organics, and to examine the validity of theoretical modeling of these types of reactions. The ions UO3

-, UO4
-, and UO4H

-

each reacted with methanol to give a singular product; the primary products each exhibited sequential reactions with two
additional methanol molecules to again give singular products. The observed reactions were elimination of water,
formaldehyde, or hydrogen, and in one case addition of a methanol molecule. The potential energy profiles were computed
for each reaction, and isotopic labeling experiments were performed to probe the validity of the computed mechanisms and
structures;in each case where the experiments could be compared with the theory there was concurrence, clearly
establishing the efficacy of the employed DFT methodologies for these and related reaction systems. The DFT results were
furthermore in accord with the surprisingly inert nature of UO2

-. The results provide a basis to understand mechanisms of
key reactions of uranium oxides with organics, and a foundation to extend DFT methodologies to more complex actinide
systems which are not amenable to such direct experimental studies.

Introduction

Reactions of bare and ligated transition metal ions with
neutral molecules in the gas phase have been systematically
studied for more than 30 years, as described in a number of
reviews.1-8 These efforts have provided key thermochemical
values, particularly bond dissociation energies, as well as
fundamental insights into reaction mechanisms at a molecular
level. A key advantage of gas-phase reactivity studies is the
relative simplicity of the chemical interactions between two
isolated species; this contrasts with the complexities introduced
by perturbations intrinsic to condensed phase chemistry. This
attribute of bimolecular simplicity provides an opportunity to
probe discrete chemical interactions between two species, and is
well-suited to advanced computational modeling.

Much of the early work in this field focused on d-block
transition metals, particularly the 3d series.9,10 Moreland
et al. were among the first to study gas-phase actinide ion
reactions, specifically reactions of Uþ and Puþ with water
andhydrogen toproduce the actinide hydride ions.11 Johnsen
and Biondi subsequently carried out a systematic study of
the oxidation of Uþ by O2.

12 Later, Armentrout and Beau-
champ studied reactions of the Uþ ion with several elemen-
tary molecules.13-15 Since this pioneering work, studies of
gas-phase actinide ion chemistry have been performed by a
variety of techniques, and have been applied to the actinides
from thorium through einsteinium, as described in recent
reviews.16-18
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Gas-phasemetal ion chemistry is often presented as a route
to understanding condensed phase chemistry, so it is crucial
to recognize the clear limitations of drawing comparisons
between these disparate states of matter.18,19 Nonetheless, it
has been well established that reactions studied under rar-
efied gas-phase conditions can provide important fundamen-
tal insights into molecular processes, such as catalysis and
surface chemistry.8,20-30 A central goal of chemistry is to
understand the dynamics which occur during reactions.
However, it is experimentally very challenging to directly
probe the dynamics of chemical reactions.31-33 An alterna-
tive approach for bimolecular reactions in the gas phase is to
analyze the details of reaction pathways by computational
chemistry; the computed mechanisms can often be directly
compared with experimental observations, such as reaction
kinetics, and product distributions and structures. The use of
Density Functional Theory (DFT) to compute such bimole-
cular reactionmechanisms has becomewidespread. Cramer34

has described such applications of DFT, including a discus-
sion of the theoretical characterization of the catalytic carbo-
nylation of methanol reported byKinnunen and Laasonen.35

A few recent examples of applications of DFT to gas-phase
chemistry include reactions of carbonyl oxides with ammo-
nia,36 of N with NCO,37 of CF3O with CO,38 and of La/Laþ

with CO2.
39

The proton-rich actinide elements, which as neutral atoms
have from 89 (Ac) to 103 (Lr) electrons, have presented a
particular challenge to molecular theory methods, as re-
viewed by Pepper and Bursten in 1991.40 In the intervening
years, great advances in applications of DFT methods to

actinidemolecular systems have been achieved41 to the extent
that such applications have becomewidespread andgenerally
reliable, if often rather computationally intensive.42-45 DFT
has recently been employed to describe reactions of gas-phase
actinide ions with small molecules;46-50 the detailed com-
puted reaction pathways effectively concurred with experi-
mental observations, which had been previously reported,
thereby validating the DFT methods for these types of
computations. In a very recent paper, Zhou and Schlegel51

have reported a detailed study of the Thþ þ H2O reaction,
using DFT and Coupled Clusters methods; the authors used
molecular dynamic simulations to determine the products’
branching ratio.
The goal of thework reported here was to examine amodel

set of ion/molecule reactions in the gas phase, both experi-
mentally and theoretically. By carrying out the two parallel
aspects of the project;experiment and theory;in close
cooperation, it was possible to devise isotopic labeling
experiments to assess specific aspects of the computed reac-
tion mechanisms and reactant ion structures. The model
systems studied were the reactions between the elementary
uranium oxide anions, UO2

-, UO3
-, UO4

-, and UO4H
-,

and the elementary alcohol, methanol. The choice of the
uranium oxide anions, which we refer to as “uranates” in
analogy with condensed phase chemistry, provides an oppor-
tunity to understand uranium oxide chemistry at a molecular
level, and was facilitated by our ability to produce these
species in abundance.52 The very elementary organic metha-
nol reactant is of particular interest for such reactionmechan-
ism studies because of the importance of reactions of organic
materials with uranium oxides in various technological and
geological scenarios, which have motivated several experi-
mental studies of reactions of small organic molecules
with uranium oxide surfaces, primarily by Idriss and co-
workers.53-61 Lloyd et al. studied the reaction of methanol
with uraniumdioxide surfaces,62which is particularly relevant
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to the gas-phase studies reported here. There have been
several studies of gas-phase reactions of metal oxide ions
with methanol, largely to understand fundamental aspects of
catalytic processes.63-74

Here we present results for the bimolecular reactions of
UOx

- (x = 2-4) and UO4H
- anions with CH3OH, along

with secondary and tertiary reactions of the primary product
ions with additional methanol molecules. The experimental
observations, particularly with isotopically labeled methanol
reagent molecules, are used to evaluate the validity of reac-
tion pathways computed by DFT. The results are compared
with previous results for reactions of methanol with metal
oxides in both the gas phase and at interfaces. By the close
interplay between experiment and theory, we have achieved
an understanding of mechanistic details of these gas-phase
reactions.

Methods

Computational Details. The details of the theoretical ap-
proach used in this work have been previously reported.46-50

We have included a detailed description of the methodology in
the Supporting Information. In this section we briefly summar-
ize the methods.

Geometry optimizations as well as frequency calculations for
all the reactants, intermediates, products, and transition states
were performed using two different approaches of DFT. First,
the Zero-Order Regular Approximation (ZORA) was used in
combination with the PW91 functionals (exchange and
correlation)75-79 and the TZ2P (TZP for uranium) basis set,
as implemented in the ADF package80-82 (we refer to this level
of theory as PW91/ZORA hereafter). Second, the hybrid

B3LYPfunctional83,84was employed togetherwith the Stuttgart-
Dresden basis sets for the metal center,85,86 (25s 16p 15d 7f)/
[7s 6p 5d 3f] in combination with the small-core relativistic
effective core potential (RECP). The B3LYP/SDD (SDD =
Stuttgart-Dresden relativistic effective core potential) computa-
tionswere carried out withGAUSSIAN03 package.87 Spin-orbit
effects were not treated explicitly in this work.

We report the potential energy profiles (PEPs) for each of the
studied reactions as relative energies (electronic energies þ
ZPVE at 0 K) of each species with respect to the ground state
reactants. All the reported structures and PEPs involved in the
reaction sequences 1 and 2 (UO3

- and UO4
-; see Scheme 1), as

well as the studied reactions of UO2
- with methanol, corre-

spond to the doublet ground spin state whereas in the reaction
sequence 3 (UO4H

-, see Scheme 1) all the species are in their
singlet ground spin state.

Experimental Section. The experimental approach has been
described previously.65,88-90 A brief outline of the general ap-
proach is included here;the experimental details are in the
Supporting Information. Uranium oxide (hydroxide) anions were
produced by laser desorption ionization of solids. Bimolecular gas-
phase reactions of methanol with the primary anions, and sequen-
tial anion products, were studied by Fourier transform ion cyclo-
tron resonance mass spectrometry. Pseudo first-order reaction
kinetics were determined by isolating and cooling anions, and
measuring the time-dependence of the decay of reactant ions and
the in-growth of product ions. Along with the absolute rate
constants, and for comparative purposes, reaction efficiencies are
reported as k/kCOL, where the kCOL is the collisional rate constant
derived from the modified variational transition-state/classical
trajectory theory developed by Su and Chesnavich.91 Reaction
pathwayswere examinedusingmethanols isotopically labeledwith
deuterium or oxygen-18. Fragmentation of isolated product ions
was studied by collision induced dissociation (CID), in which a
specific ion is excited by an rf pulse and collided with argon.

Results and Discussion

The theoretical descriptions of the mechanisms for the
observed uranate methanol reactions, as well as product
structures, were evaluated from the experimental results for
the isotopically substituted methanol molecules. Accord-
ingly, the experimental reactivity results for unlabeled
CH3OH with the three uranate ions are presented, followed
by the corresponding theoretical results, and finally the
experimental results for the reactions with the CD3OH,
CD3OD, and CH3

18OH isotopologues, including kinetic
isotope effects and CID of selected product ions.

Experimental Results for Uranates with CH3OH. Three
of the uranate ions,UO3

-, UO4
-, andUO4H

-, sequentially
reacted with three methanol molecules. These three reaction
sequences are summarized in Scheme 1. Each of these reac-
tions yielded only one product ion to within an estimated
sensitivity of <1%. The indicated terminal product ions
were inert toward further reaction with methanol to within
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the detection limit, k/kCOL < 0.001. The primary reactant
ions, intermediate product ions, and terminal products ions
are designated as 1, 2, 3, and so forth; the reactions are
designated as A, B, C, and so forth. Also included in
Scheme 1, in italics, are the reaction efficiencies, k/kCOL.
Implicit in Scheme 1 is that the tertiary product 3 with the
compositionUO4CH4

- is the same in sequences1and2.The
identical kinetics, that is, k/kCOL= 0.18, for the subsequent
reactions of these twoUO4CH4

- products substantiates this
conclusion, as do other theoretical and experimental results
discussed below. The absolute pseudo-first order rate con-
stants, as well as the k/kCOL values included in Scheme 1, are
compiled in Table 1. Representative kinetics data are shown
for reactionsA,D, andF inSupporting Information,Figures
S1, S2 andS3, respectively; also given there are themeasured
reactant depletion rates, the methanol pressures, and the
resulting pseudo-first order rate constants. The observed
reactions are discussed in detail below in the comparison of
the computed reaction mechanisms with experimental re-
sults for the isotopically substituted methanol molecules.
The UO2

- ion was found to be unreactive with metha-
nol to within the detection limit of the experiments,
k/kCOL<0.001. This intriguing observation is discussed
below, along with computed reaction pathways for some
hypothetical UO2

-/CH3OH reactions.
Computed Structures. (a). Primary Uranate Ions.

The computed structures of the four primary uranate ions
are shown inFigure 1,with the geometrical parameters given
at both levels of theory; also included are the geometrical
parameters and energies relative to the ground-state of two
higher-energy isomersofUO4

-.Theuranium-oxygenbond
distances and computed charges (Natural Population Ana-
lysis) at the uraniummetal center and the oxygen atoms are
given in Table S1 (Supporting Information) for the three
binary UOx

- (x=2, 3, 4) along with the corresponding
values for some cationic and neutral uranium oxide mole-
cules, several of which were studied previously using the

same DFTmethodology employed in the present work.46,47

The UO2
- ion is linear like uranyl, UO2

2þ, with the bond
distance elongated by ∼0.1 Å relative to the dipositive ion.
The other three uranate ions, UO3

-, UO4
-, and UO4H

-,
each appear to retain the core uranyl moiety, albeit some-
what distorted from linearity, by ∼20�, and with the U-O
bonds slightly elongated, by <0.1 Å.
The low-symmetry tetrakis-oxo structure of UO4

- is
particularly intriguing in that it comprises four discrete
U-O bonds with a single negative charge on the species
such that the formal oxidation state at the metal center is
U(VII). We note, however, that in contrast to UO3

-, in
which the unpaired electron is localized on a 5f uranium
orbital (Natural Bond Orbital Analysis), in the case of
UO4

- the unpaired electron and, therefore, the radical
character is delocalized between the two “equatorial”
oxygen atoms. As shown in Figure 1, both the “side on”
(η2-O2)UO2

- and the end on (η1-O2)UO2
- structures

which incorporate a dioxo moiety are computed to lie at
substantially higher energies. The “uranyl” moiety is
evident inUO4

-, with the bond lengths and angles similar
to those in UO3

- and UO4H
-. The two equatorial U-O

Scheme 1a

a k/kCOL values are given in italics.

Table 1. Kinetics for Reactions with CH3OHa

kb k/kCOL

A 0.36 0.21
B 0.37 0.21
C 0.30c 0.18
D 0.067 0.039
E 0.29 0.17
F 0.29 0.17
G 0.15 0.088
H 0.38 0.22

aThe reactions are identified in Scheme 1. bPseudo-first-order rate
constants, k, are in units of 10-9 cm3 molecule-1 s-1. cThis is the rate
constant for C measured in reaction sequence 1; the value measured in
reaction sequence 2 was 0.31 � 10-9 cm3 molecule-1 s-1, which is
essentially identical.
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bonds are slightly longer than the “uranyl”U-Obonds in
UO4

- but are much shorter than the U-OH bond in
UO4H

-. The somewhat remarkable low-energy structure
of UO4

- can be compared with those of related species.
Groenewold et al. observed that O2 binds to UO2

þ in the
gas phase;92 subsequent theoretical computations93,94

indicated that the resulting UO4
þ ion is a “superoxo”

(η2-O2)UO2
þ species, with a structure similar to that

shown for the corresponding high-energy UO4
- isomer

in Figure 1b; the (η1-O2)UO2
þ structure was computed to

be at least 10 kcal mol-1 higher in energy (the energy of
the tetrakis-oxo structure was not provided). Aubriet et
al.95 computed the lowest energy structure of CeO4

- as
(η2-O2)CeO2

- and found the tetrakis-oxo tetrahedral
CeO4

- isomer to be 62 kcal mol-1 higher in energy.
Bolvin et al.96 computed the structure of UO4

2- to be
tetrahedral, with a U-O distance of 1.90 Å. The closest
analogy with the lowest energy structure of UO4

- would

seem to be that ofWO4
- as computed byZhai et al.,97 and

later by Chen and Yang;98 they found that WO4
-, like

UO4
-, is a tetrakis-oxo species with a distortion from

tetrahedral symmetry albeitmuch less of a distortion than
for UO4

- (Figure 1). The apparent similarity between
UO4

- andWO4
- is notable as the highest oxidation states

normally encountered in condensed phase chemistry are
U(VI) and W(VI).
The computed geometrical parameters for UO2, UO2

þ,
UO2

-, and UO2
2þ (Supporting Information, Table S1),

each of which is linear, are in good agreement with those
computed by others.99-101 The structure of UO3

- can be
described as derived from UO2

-, with a slight elongation
of the O-U-O “uranyl” moiety, and a deviation from
linearity by∼20�; the third uranium-oxygen bond is only
slightly longer than the two equivalent “uranyl” bonds. In
contrast to low-symmetryUO3

-, the structure ofWO3
- is

C3v;
97 the retention of the distorted “uranyl” moiety

appears to dominate the structures of the uranate ions.
The structure of UO4H

-, which is the hydroxo species
UO3(OH)-, corresponds to the addition of a hydroxo
group to UO3

-, with essentially no change in the
O-U-O “uranyl” bond length or angle (Figure 1). As
in the case of WO3

- versus UO3
-, the structure of WO3-

(OH)-102 is much more symmetrical than that of UO3-
(OH)-. The previously computed structures for U(OH)2,
U(OH)4, UO2(OH), and UO2(OH)2

103 exhibit a close
analogy with those computed here: for the two dioxo
hydroxo species the “uranyl” moiety remains nearly
linear, whereas in the bis- and tetra-hydroxo species there
is no such propensity for a linear HO-U-OH structure.

(b). Secondary and Tertiary Product Ions. The geome-
trical parameters for the lowest-energy isomer of each of
the seven product ions are shown in Supporting Informa-
tion, Figure S4. In each of the products, as in the primary
uranate reactant ions, the essential character of the
O-U-O “uranyl”-like moiety as evident in the bare
UO2

- ion is retained, with only a slight elongation of
theU-Obonds and some distortion from linearity. In the
notable case of the tris-methoxide, UO5C3H9

- (10i), the
UO2 unit is essentially unaltered from bare UO2

-; the
shown lowest energy structure with all of the methoxo
groups below the equatorial plane is only a fewkcalmol-1

lower in energy than the configuration with one of the
three above that plane.
The distinctive character of the quasi-linear uranyl

moiety in the species examined here is underlined by
comparison with computed structures for MO3(OH)-,
MO3(OCH3)

-, MO2(OH)2
-, andMO2(OH)(OCH3)

- for
M=Cr, Mo,W).102 For these group VI transition metal
species, no such propensity for a linear OdMdO unit is
exhibited.

Figure 1. (a) Geometrical parameters for the reactants, UO2
-, UO3

-,
UO4

-, and UO4H
-, at PW91/ZORA (B3LYP/SDD) level of theory.

Bond lengths are in Å and angles are in degrees. (b) Geometrical
parameters and energies relative to the ground-state isomer for the two
high-energy isomers of UO4

-.

(92) Groenewold, G. S.; Cossel, K. C.; Gresham, G. L.; Gianotto, A. K.;
Appelhans, A.D.; Olson, J. E.; Van Stipdonk,M. J.; Chien,W. J. Am. Chem.
Soc. 2006, 128, 3075–3084.

(93) Bryantsev, V. S.; de Jong, W. A.; Cossel, K. C.; Diallo, M. S.;
Goddard, W. A.; Groenewold, G. S.; Chien, W.; Van Stipdonk, M. J.
J. Phys. Chem. A 2008, 112, 5777–5780.

(94) Leavitt, C. M.; Bryantsev, V. S.; de Jong, W. A.; Diallo, M. S.;
Goddard, W. A.; Groenewold, G. S.; Van Stipdonk, M. J. J. Phys. Chem. A
2009, 113, 2350–2358.

(95) Aubriet, F.; Gaumet, J. J.; de Jong, W. A.; Groenewold, G. S.;
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J. Am. Chem. Soc. 2004, 126, 16134–16141.
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(101) R�eal, F.; Vallet, V.; Marian, C.; Wahlgren, U. J. Chem. Phys. 2007,

127, 214302–214311.
(102) Waters, T.; Wang, X. B.; Li, S. G.; Kiran, B.; Dixon, D. A.; Wang,
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(c). Oxidation States.Referring to the computed struc-
tures of the reactants and products, formal oxidation states
at the uranium metal center can reasonably be assigned,
with the notable exception of UO4

-, for which the formal
oxidation state of U(VII) is not credible. Throughout
reaction sequence 1, the oxidation state U(V) is retained
for the reactants and products. Similarly, throughout se-
quence 3, the oxidation state U(VI) is retained. After the
anomalous UO4

- reactant ion is converted to pentavalent
UO2(OH)2

- in reaction sequence 2, the oxidation state
U(V) is subsequently retained.

ComputedReaction Pathways andEnergetics.The com-
putedPEP for eachof the eight reactions,A-H, in Scheme1
is shown in Figures 2-9; the geometrical parameters for
all of the intermediates and transition states, as well as
the TS imaginary frequencies, are given in the Support-
ing Information, Figures S5-S12. To facilitate compari-
son of the computations with the isotopic labeling experi-
ments, the color coding in Figures 2-9 and Supporting
Information, Figures S5-S12 distinguishes the distribu-
tion of the protons (white) from the deuterons (blue) as is
predicted from themechanisms specifically for the reactions

withCD3OHdiscussed below; however, all of the computed
parameters are for the fully protonated species.
For each of the eight reactions, the first transition

state corresponds to the transfer of the methanolic
proton to a uranium oxo ligand, which produces the
first intermediate I, in which an oxo ligand has been
converted to a hydroxo ligand and the resulting methoxo
ligand is bound to the uranium metal center. This is in
close analogy with the pathways computed for the reac-
tions of MOþ (M= V, Nb, Ta) with methanol, in which
H2 is eliminated to produce MO2CH2

þ.70 With the
exception of reaction H, this first intermediate is stable
by at least 20 kcal mol-1 relative to the reactants. The
mechanisms as they proceed from the intermediate I are
discussed as classified by the neutral eliminated species;
these elimination processes generally proceed by similar
pathways.

(a). Elimination of Formaldehyde (Reactions A and D).

ðAÞ UO3
- þCH3OH f HUO2ðOHÞ- þCH2O ð1Þ

ðDÞ UO4
- þCH3OH f UO2ðOHÞ2- þCH2O ð2Þ

ThePEPs for reactionsA (Figure 2) andD (Figure 5) are
similar to one another up to the formation of the first in-
termediates, UO2(OH)(OCH3)

- andUO3(OH)(OCH3)
-,

respectively, which are formed by the mechanism com-
mon to all of the reactions, as described above. In the case
of A, the methyl hydrogen then transfers to the uranium
metal center via TS2 to the shallow intermediate II,
HUO2(OH)(OCH2)

-, from which OCH2 is eliminated.
In the case of D, the methyl hydrogen is transferred
to an oxo-ligand to give the stable intermediate II,
UO2(OH)2(OCH2)

-, from which OCH2 is eliminated.
Two alternative PEPs, Paths 2 and 3, for the reaction of

UO3
- with CH3OH are shown in the Supporting Infor-

mation, Figure S13, along with the confirmed favorable
Path 1, which is shown in Figure 2. Path 2 gives the same
product as Path 1, but the energetics of Path 2 are
unfavorable. Path 3 leads to the energetically unfavorable
high-energy bis-hydroxide product UO(OH)2

-. The in-
triguing hydride hydroxide product 2 from reaction A, as

Figure 2. PEP for the reaction A of UO3
- þ CH3OH (doublet spin

state) at PW91/ZORA [B3LYP/SDD] level of theory. The labeling
between the reactants and products identifies the first association
complex (FC), the transition states (TS1 and TS2), and the intermedi-
ates (I and II).

Figure 3. PEP for the reaction B of UO3H2
- þ CH3OH (doublet spin

state) at PW91/ZORA [B3LYP/SDD] level of theory.

Figure 4. PEP for the reactionC ofUO4CH4
-þCH3OH (doublet spin

state) at PW91/ZORA [B3LYP/SDD] level of theory.
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well as the computed mechanism leading to it (i.e.,
Path 1), were confirmed by isotopic labeling studies
described below.
In direct analogy with reaction A, the reaction of

NbO3
- with methanol was similarly found to result in a

product with the composition NbO3H2
-,66 which was

initially presumed to be the bis-hydroxo ion, Nb(III)O-
(OH)2

-. Subsequently, the reaction of VO3
- with metha-

nol was studied, along with a theoretical examination of
both theVO3

-/CH3OHand theNbO3
-/CH3OH reaction

pathways.73 For both reactions the first intermediate is
the MO2(OH)(OCH3)

- ion, as for UO3
-. The VO2(OH)-

(OCH3)
- ion primarily eliminates water to produce

VO2(η
2-OCH2)

-. In contrast, NbO2(OH)(OCH3)
- pri-

marily eliminates formaldehyde to produce what was
computed to be the hydride hydroxide, HNbO2(OH)-,
via proton transfer from themethyl group to theNbmetal
center;73 this is essentially the same mechanism as found
for theUO3

-/CH3OH reaction (Figure 2).Notably, other
MO3

- ions (M=Mn,Fe, Co) have been found to be inert
toward methanol.65

In reactionD (Figure 5), a methyl hydrogen transfers
to an oxo-ligand rather than to the uranium metal
center to form the intermediate II, UO2(OH)2(η

1-
OCH2)

- from which CH2O is eliminated. The stability
of the intermediate II and resulting barrier to formal-
dehyde elimination may relate to the relatively slow
kinetics for this reaction. The η1-OCH2 structure of
intermediate II here contrasts with the η2 coordina-
tion in the product of the following reaction of VO3

-:
VO3

- þ CH3OH f VO2(η
2-OCH2)

- þ H2O, which
proceeds very efficiently.73

(b). Elimination of Dihydrogen (Reaction B).

ðBÞ HUO3ðOHÞ- þCH3OH

f UO2ðOHÞðOCH3Þ- þH2 ð3Þ
For reaction B (Figure 3), intermediate I eliminates H2

by the combination of the hydridic protonwith a hydroxo
proton. The computed mechanism indicates that the
hydroxo proton comes from the axial hydroxo group in
intermediate I, not the equatorial hydroxo group; this
particular aspect of the mechanism was experimentally
confirmed as discussed below.

(c). Elimination of Water (Reactions C, E, F, and H).

ðCÞ UO2ðOHÞðOCH3Þ- þCH3OH

f UO2ðOCH3Þ2 - þH2O ð4Þ

ðEÞ UO2ðOHÞ2- þCH3OH

f UO2ðOHÞðOCH3Þ- þH2O ð5Þ

ðFÞ UO3ðOHÞ- þCH3OH f UO3ðOCH3Þ- þH2O ð6Þ

ðHÞ UO2ðOHÞðOCH3Þ2 - þCH3OH

f UO2ðOCH3Þ3 - þH2O ð7Þ
Each of the reactions C (Figure 4), E (Figure 6), F

(Figure 7), andH (Figure 9) correspond to replacement of
a hydroxo ligand with a methoxo ligand with concomi-
tant loss of water, and all exhibit similarmechanisms. The
first intermediates, produced as described above, com-
prise two hydroxo ligands. In each case, a proton from
one of these hydroxo ligands is transferred to the second
hydroxo ligand to produce a second intermediate IIwhich
incorporates a H-O-H ligand; these second intermedi-
ates lie ∼11-15 kcal mol-1 below the reactant energies.
Although the geometrical parameters for the four inter-
mediates II are somewhat different, as shown in the
Supporting Information, Figures S7, S9, S10, and S12,
their binding energies are rather similar and elimination
of H2O requires only ∼9-12 kcal mol-1; this water
binding energy is only about a quarter of the binding
energy of water to uranyl, UO2

2þ, in the gas phase.42

(d). Addition of Methanol (Reaction G).

ðGÞ UO3ðOCH3Þ- þCH3OH f UO2ðOHÞðOCH3Þ2- ð8Þ

Themechanism for the addition reactionG (Figure 8) is
analogous to the process leading to the first intermediate
for all of the other reactions. However, for reactionG, the
species corresponding to “intermediate I” for the other
reactions is not an intermediate, but is instead the pro-
duct.

Figure 5. PEP for the reaction D of UO4
- þ CH3OH (doublet spin

state) at PW91/ZORA [B3LYP/SDD] level of theory.

Figure 6. PEP for the reaction E of UO4H2
- þ CH3OH (doublet spin

state) at PW91/ZORA [B3LYP/SDD] level of theory.
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(e). Net Reaction Energetics: Bond Energies. In accord
with IUPAC standards,104 we interchangeably refer to bond
dissociation energies and enthalpies. In reactions C, E, F,
andH, a hydroxo group bound to the uraniummetal center
is replaced by a methoxo group, concomitant with elimina-
tionofH2O.Accordingly, the net energetics for each of these
reactions should be similar, as was computed. Each of these
four reactions was found to be exoergic by ∼3 kcal mol-1,
which suggests that the produced U-OCH3 bonds are
stronger than the broken U-OH bonds by∼11 kcal mol-1

(i.e., ΔH[CH3OH þ OH f CH3O þ H2O] = -14 kcal
mol-1 105).ReactionA is computed tobe endoergic by5kcal
mol-1 at the PW91/ZORA level and exoergic by 6 kcal
mol-1 at the B3LYP/SDD level; assuming that the reaction
is nearly thermoneutral, the reactionUO3

-þ 2HfHUO2-
(OH)- is exoergic by∼125 kcal mol-1 (i.e.,ΔH[CH3OHf
CH2Oþ 2H]=125kcalmol-1 105). The computed exoergi-
city of reaction B of 32 kcal mol-1 indicates that the
U-OCH3 bond in the product is∼33 kcal mol-1 stronger
than the U-H bond in the reactant (i.e., ΔH[CH3OH þ
HfCH3OþH2]= 1 kcal mol-1 105). This latter result is

in qualitative accord with experimental results for highly
oxophilic metal ions, such as Tiþ,106 but the difference
between theU-OHandU-Hbond strengths is evidently
somewhat smaller than in the case of Tiþ, perhaps
suggesting greater covalency in the case of uranium.
For reaction D, the discrepancy between the computed
net reaction energies at the two levels of theory is rather
large, although both indicate a substantial exoergicity, of
at least∼120 kcal mol-1 (based on the donation of twoH
atoms from CH3OH as noted above), for the reaction
UO4

-þ 2HfUO2(OH)2
-. The computed energetics for

reaction G indicate that ΔH[UO3(OCH3)
- þ CH3O þH

f UO2(OCH3)2(OH)] ≈ -150 kcal mol-1.
(f). Inert Nature of UO2

-. In an attempt to understand
the distinctively unreactive character of UO2

-, the PEPs
for the hypothetical reactions given by eqs 9-12 were
computed.

UO2
- þCH3OH f HUO2ðOCH3Þ- ð9Þ

UO2
- þCH3OH f ðHOÞUOðOCH3Þ- ð10Þ

UO2
- þCH3OH f UO3

- þCH4 ð11Þ

UO2
- þCH3OH f UO2ðOHÞ- þCH3 ð12Þ

The reactions given by eqs 9 and 10 were computed only
at the B3LYP/SDD level of theory because of problems
characterizing the transition structures at the PW91/ZORA
level; those given by 11 and 12 were computed at both the
B3LYP/SDD and PW91/ZORA levels. The computed
PEPs and geometrical parameters are given in the Support-
ing Information, Figures S14 and S15. The results indicate
that 9, 10, and 11 are all substantially exoergic, by at least
30 kcal mol-1, and that 12 is evidently only slightly exo-
ergic. The observation that none of these reactions pro-
ceeds, even those which are highly energetically favorable,
can be attributed to the first transition states, which lie
very near to, or perhaps slightly above, the energy of the

Figure 7. PEP for the reaction F of UO4H
- þ CH3OH (singlet spin

state) at PW91/ZORA [B3LYP/SDD] level of theory.

Figure 8. PEP for the reaction G of UO4CH3
- þ CH3OH (singlet spin

state) at PW91/ZORA [B3LYP/SDD] level of theory.

Figure 9. PEP for the reactionH of UO5C2H7
-þCH3OH (singlet spin

state) at PW91/ZORA [B3LYP/SDD] level of theory.

(104) http://goldbook.iupac.org/index.html.
(105) NIST, Chemistry WebBook, NIST Standard Reference Database

Number 69; Linstrom, P. J., Mallard, W. G., Eds.; National Institute of Standards
and Technology: Gaithersburg, MD; http://webbook.nist.gov (accessed December
2, 2009).

(106) Armentrout, P. B.; Kiran, B. In Organometallic Ion Chemistry;
Freiser, B. S., Ed.; Kluwer: Dordrecht, 1996; pp 1-45.
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entrance channel. For 9, 11, and 12, these first transition
states correspond to bonding between the methanolic
oxygen and the uranium metal center, U 3 3 3O-C. This
contrasts with all of the observed reactions (Figures 2-9),
where the first transition states are complexes with bond-
ing between uranium and the methanolic oxygen,
U 3 3 3O-C, concomitant with bonding between the
methanolic hydrogen and a uranium-oxo group, H 3 3 3
O-U. For the reaction given by eq 10, the rather dis-
tinctive first complex (see Supporting Information, Fig-
ure S14) proceeds to a transition state which invokes the
typical U 3 3 3O-C and H 3 3 3O-U bonding interactions
seen with the mechanisms for the observed reactions;
however, this TS in this case lies close to the reactant
entrance energy level and evidently presents a barrier to
the reaction. A factor which may contribute to the
relatively unreactive character of UO2

- is that it has
fewer degrees of freedom for dissipation of energy in the
initial complexwhich can result in facile back reaction.As
the initial ion-neutral complexes for the computedUO2

-/
methanol reactions (i.e., the FCs in Supporting Informa-
tion, Figures S14 and S15) are less stable than the FCs for
the UO3

-, UO4
-, or UO4H

-, there is less energy for
reactions to proceed which often leads to fast back
reactions. Reactions B, C, D, E, F, and H each progress
through an intermediate I on their PEPs in which one of
the axial “uranyl-like” oxo-ligands has become hydro-
xylated. From the results in Supporting Information,
Table S1, it is apparent that the computed charges on
the oxo-ligands in UO2

- (-1.09) are intermediate be-
tween those on the “equatorial” oxo-ligands in UO3

-

(-1.26) and UO4
- (-0.96); that the latter two ions do

react whereas UO2
- is inert is thus evidently not directly

attibutable to the susceptibility of the oxo-ligands to
initial electrophilic attack. The origin of the relatively
high-energy FCs, and first transition states, for UO2

-

(i.e., FC and FC0 in Supporting Information, Figure S14
and FC in Supporting Information, Figure S15) is instead
likely related to the relatively low charge on the uranium
metal center. In UO2

- the computed uranium charge is
1.18 whereas in UO3

- it is 2.65 and in UO4
- it is 2.79

(Supporting Information, Table S1). The distinctive char-
acter of FC0, in which the methanolic hydrogen coordi-
nates to an oxo-ligand without any interaction between
the methanolic oxygen and uranium, is likely a manifes-
tation of the much lower uranium charge in UO2

-. It
should be noted that in contrast to inert UO2

-, CoO2
-

readily reacts with methanol,65,107 to produce what is
postulated as Co(OH)2

- (þCH2O);107 otherMO2
- (M=

Mn, Fe, Ni, Cu) also react with methanol to produce the
MO2H2

- ions.65

Observed Reactions with Methanol Isotopologues. The
labeled methanol molecules were used to track the dis-
tribution of the reactant atomic constituents in the pro-
ducts. For several reactions, comparison of the observed
isotopic distributions with those predicted by the details
of the computed PEPs provided clear experimental con-
firmation of the theoretical results. It was thus possible to
essentially confirm the computed mechanisms without
directly examining the dynamics of the reactions. These

labeling studies additionally confirmed some of the com-
puted structures, including that of UO3H2

- as a hydride
hydroxide.

(a). CD3OH and CD3OH/CD3ODMixture. The three
reaction sequences were studied in detail for CD3OH as
these reactions provided particularly useful insights into
mechanisms, especially for reactions A, B, and E. The
reaction sequences for CD3OH are summarized in
Scheme 2, using nomenclature analogous to that in
Scheme 1 for CH3OH but with a distinguishing super-
script “i”; for reaction Ei, there are two isotopic channels,
designated as Ei,1 and Ei,2. The reaction efficiencies, k/
kCOL, are included in Scheme 2 in italics; the absolute
pseudo-first order rate constants are obtained by multi-
plying these k/kCOL values by kCOL ≈ 1.7 � 10-9 cm3

molecule-1 s-1, which varies by only 4% among these
reactions. It is notable that there was no detectable
isotopic scrambling, with the exception of reaction Ei

where two isotopic channels are expected from the me-
chanism, as discussed below. The apparently complete
retention of isotopic labeling is in accord with the pur-
ported thermal nature of these bimolecular reactions.
Although all of the computations were performed for
the fully protonated species, to facilitate comparison of
the experimental results for CD3OH with the computed
reaction pathways, Figures 2-9 showdeuterium atoms in
blue and protons in white.

i. ReactionsA andB.The computed lowest energy path
for reaction A indicates that the product is a hydroxide
hydride rather than a bis-hydroxide, with the latter isomer
computed to be∼30 kcal mol-1 higher in energy (Support-
ing Information, Figure S13). As seen in Figure 2, it is
predicted from the PEP that product 2i, UO3HD-, is the
hydroxide deuteride, DUO2(OH)-, not the deuteroxide
hydride, HUO2(OD)-. The observation of exclusively
HD-elimination for reaction Bi, corresponding to product
3i in Figure 3, provides convincing confirmation of the
computed structure for 2, as well as for the computed
mechanisms for A and B. For reaction Bi, exclusive HD-
loss, absent H2-loss, indicates that the H and D atoms in 2i

are not equivalent, as in the proposed hydroxide deuteride
structure. More specifically, exclusive loss of HD from 2

i is
indicative of a deuteride hydroxide, and the proposed
mechanism for Bi (Figure 3); if 2i were instead a hydride
deuteroxide then only H2-elimination would occur. If 2i

were a mixture of HUO2(OD)- and DUO2(OH)- then
both H2- and HD-elimination would occur. The experi-
mental observation of solely HD-elimination thus corro-
borates the computed structure of 2, as well as the com-
puted paths for reactions A and B.
The structure of 2 and the dehydrogenation mechanism

for B were further confirmed using the roughly equimolar
mixture of CD3OH and CD3OD. The reaction of DUO2-
(OH)-, 2i, with this mixture produced exclusively UO4-
CD3H

- (i.e., UO2(OH)(OCD3)
-); the absence of any fully

deuterated product from the CD3OD component of the
reactant mixture indicates that the equatorial OH group in
intermediate I remains in the product, as well as that deu-
teride ligand is eliminated, in accord with TS2. The reaction
of DUO2(OD)- with the CD3OH/CD3OD mixture pro-
duced exclusively UO4CD4

- (i.e., UO2(OD)(OCD3))
-);

the absence of any monoprotonated product from the
CD3OH component indicates that the equatorial OD group

(107) Yi, M. N.; Fisher, K. J.; Dance, I. G. Int. J. Mass Spectrom. 2002,
216, 155–168.
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in intermediate I remains in the product, again in clear
accord with TS2. These results provide corroboration of
the structure of 2, and the details of the computed reaction
mechanism for B, including quite specifically that hydrogen
elimination proceeds through the intermediate I and inter-
action of the axial hydroxo group and the hydride ligand as
indicated by TS2.
Two alternative PEPs for the reaction between UO3

-

and CH3OH were computed; these Paths 2 and 3, are
shown in the Supporting Information, Figure S13. The
identification of the product of the UO3

-/CD3OH reac-
tion as DUO2(OH)- confirms the conclusion that Path 1,
the favorable computed path, is the actual path. Because
the U-H moiety in the product of Path 2, which also
leads to the hydride hydroxide product, comes from the
methanolic group rather than the methyl group, the
product would be HUO2(OD)- rather than the observed
DUO2(OH)-. The product of Path 3, which is energeti-
cally quite unfavorable, would be the bis-hydroxide,
UO(OH)(OD)- and would exhibit isotopic scrambling
in the subsequent dihydrogen elimination.
This convincing corroboration of the computed PEPs

for reactionsA andBprovides confidence in the validity of
the computational methodologies to reliably provide re-
action mechanisms for the types of reactions studied here.

ii. Reaction E. The simultaneous occurrence of reac-
tionsEi,1 (i.e., HDO-elimination fromUO4HD-) andE1,2

(i.e., H2O-elimination from UO4HD-) is in accord with
the proposed bis-hydroxide structure of 6. If the H and
D atoms in 6

i were not equivalent, as in a deuteride
hydroxide, for example, isotopic specificity such as that

for UO3HD in reaction Bi would be expected. A feasible
alternative to the computed pathway for reaction E
would be a “concerted” mechanism in which water elim-
ination occurs by the intermediate I, followed by an
interaction between the two equatorial hydroxo ligands
of the reactant ion. However, as only HDO-elimination
would result from such a concerted mechanism, the ob-
served H2O-elimination pathway Ei,2 apparently refutes
this possibility.
From the computed mechanism, it is expected that the

reaction of UO4HD- with CD3OH, that is, concurrent
reactions {Ei,1 & Ei,2}, should produce roughly compar-
able yields of UO4CD3H

- (i.e., 3i via Ei,1) and UO4CD4
-

(i.e., 3i,2 via Ei,2); this evaluation does not consider a
skewed distribution due to a kinetic isotope effect. Be-
cause of the slow kinetics for Di it is problematic to
quantitatively study Ei,1 and Ei,2; as indicted in Scheme 2,
only the overall kinetics for {Ei,1&Ei,2} were determined,
not the individual contributions. Under these reaction
conditions, it was demonstrated that concurrent reactions
{Ei,1&Ei,2} producedmoreUO4CD3H

- thanUO4CD4
-.

The observation that HDO-elimination from intermedi-
ate I (i.e., reaction Ei,1) dominates over H2O-elimination
(i.e., reaction Ei,2) could suggest that the proton in the
axial hydroxo ligand in intermediate I is not necessarily
eliminated, as indicated in TS2, but instead that water-
elimination may also proceed via interaction between the
equatorial OH and OD ligands in intermediate I. How-
ever, the inability to effectively thermalize 6

i because of
the particular kinetics of this sequence precludes such a
definitive interpretation.

Scheme 2a

a k/kCOL values are given in italics.
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Themechanism for reactionEwas further examined by
reacting UO4D2

- with the CD3OH/ CD3OD mixture.
The result was a substantial excess of UO4CD4

-, and a
lesser yield of UO4CD3H

-, in an approximate ratio of
4:1. An alternative “concerted” mechanism, as described
above, would have resulted in exclusively D2O elimina-
tion and comparable yields of UO4CD4

- and UO4-
CD3H

-. If themechanism proceeds through intermediate
I and TS2, the sole product would have been UO4CD4

-

because one of the two eliminated hydrogens comes from
the axial hydroxo. The observation of a small yield of
UO4CD3H

- is consistent with intermediate I, but not
necessarily exclusive involvement of the axial hydroxo in
the subsequent water elimination, as formally indicated
by TS2.
In summary, the experimental results suggest that the

computed mechanism for reaction Ei is valid, except that
the proton transfer in TS2 may alternatively involve the
two equatorial hydroxo groups in intermediate I, and not
necessarily exclusively the axial hydroxo group. How-
ever, it should be emphasized that the experimental
results are not definitive because of the inability to
effectively thermalize the reactant ion 6

i. The potentially
hyperthermal experimental results do not necessarily
refute the computed mechanism. The key conclusion is
that the structure of 6i is valid, and the mechanism does
proceed through the tris-hydroxy intermediate I.

iii. ReactionsC,D, F,G, andH.ReactionsC, F, andH
each proceed by the reaction of a monohydroxilated ion
with CH3OH and elimination of H2O. According to the
computed mechanisms, one of the two eliminated H
atoms derives from the methanolic group and the other
from the hydroxo group. In accord with these mechan-
isms, for reactions Ci, Fi, and Hi only H2O is eliminated.
Specifically, the D-atoms in the CD3OH reactant mole-
cule and, forCi andHi, the deuterated methoxo groups in
the reactant ion, remain in the product. The CD3 groups
remain intact, as predicted from the computed mechan-
isms.
The results for reaction Di, exclusive elimination of

CD2O, confirm that one of the two hydrogen atoms in the
product ion comes from the methyl group and the other
from the methanolic group. This is again in accord with
the computed mechanism.
As reaction G is addition of an entire methanol mole-

cule to the reactant ion, the isotopic labeling experiments
are informative only in the context of the kinetic isotope
effect, as discussed below.

iv. Summary for CD3OH and CD3OD. The mechan-
istic insights gleaned from the result using the CD3OH
and CD3OD isotopologues can be summarized as fol-
lows: (1) The structure of 2i and thereby indirectly the
PEP for A were confirmed. (2) PEP B was confirmed. (3)
PEP E was validated, except that the exclusive involve-
ment of the axial OH-group in TS2 could not be defini-
tively confirmed. (4) The results are entirely consistent
with the PEPs for C, D, F, and H, although the mechan-
istic details could not be conclusively verified.

(b). CH3
18
OH. Using the O-18 substituted methanol

isotopologue, CH3
18OH, it was found that 18O was

incorporated into the anion product for reactions B, C,
E, F, G, and H, but not for A or D. As with deuterated
methanol, these reactions were isotopically pure, with no

detectable isotopic mixing. Referring to the reaction and
product labeling in Scheme 1, the corresponding observed
products for CH3

18OHare as follows, where the reactions
and products are identified with daggers. The product
ions which contained 18O are as follows: UO3

18OCH4
-

(3† from B† and E†); UO2
18O2C2H6

- (4† from C†);
UO3

18OCH3
- (8† from F†); UO3

18O2C2H7
- (9† from

G†); and UO2
18O3C3H9

- (10† fromH†). These reactions,
with the isotopic structures as predicted from the com-
puted PEPs, are given in eqs 13-20, where the unlabeled
O-atoms are 16O.

A† UO3
-þCH3

18OHfHUO2ðOHÞ-þCH2
18O ð13Þ

B† HUO2ðOHÞ- þCH3
18OH

f UO2Hð18OCH3Þ- þH2 ð14Þ

C† UO2Hð18OCH3Þ- þCH3
18OH

f UO2ð18OCH3Þ2
- þH2O ð15Þ

D† UO4
- þCH3

18OH

f UO2ðOHÞ2 - þCH2
18O ð16Þ

E† UO2ðOHÞ2 - þCH3
18OH

f UO2ðOHÞð18OCH3Þ- þH2O ð17Þ

F† UO3ðOHÞ- þCH3
18OH

f UO3ð18OCH3Þ- þH2O ð18Þ

G† UO3ð18OCH3Þ- þCH3
18OH

f UO2ðOHÞð18OCH3Þ2
- ð19Þ

H† UO2ðOHÞð18OCH3Þ2
- þCH3

18OH

f UO2ð18OCH3Þ3
- þH2O ð20Þ

The results for B† and G† are uninformative as no
oxygen is eliminated in these reactions; the results for
all of the other reactions are as predicted from the
computed PEPs. The results are consistent with the
proposed mechanisms for reactions A† and D† as the
oxygen atom from the CH3

18OH reactant is eliminated in
the formaldehyde product, CH2

18O. The results for reac-
tions C†, E†, F†, andH†, where the 18O from CH3

18OH is
incorporated into the products, confirm that the 18OCH3

group remains intact, as is predicted from the computed
mechanisms.

Reaction Kinetics. As is evident from the results in
Table 1, six of the eight reactions with CH3OH are rather
facile and exhibit similar efficiencies, about 20% of the
collisional rate. Reactions D and G are significantly less
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efficient. It is not necessarily evident that the computed
PEPs predict these comparative reaction efficiencies. To
quantitatively predict/understand kinetics for such bimo-
lecular reactions as studied here, it is necessary to perform
dynamic calculations108 rather than the stationary DFT
computations performed in this work. It is nonetheless of
interest to consider the observed kinetics in the context of
the computed reaction pathways and possible rate-limit-
ing steps. It should be noted that none of the computed
reaction pathways involve a spin change, which would
generally diminish reaction efficiencies, though not ne-
cessarily asmuch for reactions ofmany-electron actinides
as for lighter transition metals.
In Supporting Information, Table S2 we summarize the

computed energetics for the reactions at the two levels of
theory. Also included there are the highest energy barriers
on the computed PEP for each reaction. The results sum-
marized in Supporting Information, Table S2 indicate
reasonably good agreement between the two levels of
theory, to within about 10 kcalmol-1, with the conspicuous
exception of reaction D where the net energies for the
reaction are -22 and -42 kcal mol-1 at the PW91/ZORA
and B3LYP/SDD levels of theory, respectively. The com-
puted PEP barriers are also disparate for this reaction,
which proceeds relatively inefficiently. It should be noted
that reactionD is the only observed reaction in which there
is a change in the formal oxidation state at the uranium
metal center, from the anomalous tetrakis-oxoUO4

- ion to
UVO2(OH)2

-. Previous theoretical studies have shown that
DFT is prone to provide less accurate reaction energies
when such changes in oxidation state occur.50,109

As remarked above, the computed similar net reaction
energetics forC,E,F, andH reflect the close correspondence
between these four reactions, that is, replacement of an OH
group by an OCH3 group. Notably, the kinetics for these
four reactions are essentially the same to within the experi-
mental uncertainty: 0.17e k/kCOLe 0.22. For C, E, and F,
the computed mechanisms, that is, the structures and ener-
getics along the potential energy surfaces, are quite similar
such that similar kinetics would be expected. However, the
computed mechanism forH is quite disparate; in particular,
both TS1 and TS2 are seemingly rather awkward species
which lie near, or slightly above, the reactant energies. From
the static DFT results it appears somewhat remarkable that
reactionH should proceedwith the observed high efficiency.
Given the linearity of the first-order kinetics data for this
reaction it appears unlikely that the high efficiency is attri-
butable to an excited state species; the lifetime of such an
excited state would need to be∼1 s or longer to result in the
observed linearity.Adduct formationunder the low-pressure
(<10-6 Torr) conditions of the experiments is generally not
observed because of the infrequency of third-body collisions
which remove energy and stabilize the energetic product;
ion-neutral complexes under these conditions are instead
stabilized by emission of IR radiation. It shouldbe remarked
that the CID results discussed below cannot differentiate
between a CH3OH adduct, that is, the first complex (FC) in
Figure 8, and the computed hydroxidemethoxide product 9.

In summary, although it is feasible that the computed PEP
for reaction H is erroneous, this is most likely an example
where dynamic computations would further illuminate the
observed kinetics.
The relatively slow kinetics for reactionG are particularly

intriguing as the computed mechanism encounters only a
very small (B3LYP/SDD) or no (PW91/ZORA) energy
barrier along the PEP, and the reaction is substantially
exothermic (see Supporting Information, Table S2). How-
ever, it is a typical observation that such association reac-
tions are inefficient. In the case of adduct formation,A-þB
f A-•B, the reaction energy in the nascent excited-state
product, {A-•B}*, can enable the reverse dissociation path-
way,which is facile for a simple adduct: {A-•B}*fA-þB.
However, the computed structure of the stable product 9,
which is not a simple adduct, is such that itmight be expected
that rearrangement and dissociation back to the reactants
could be inefficient. In assessing the observed reaction
efficiencies in the context of the computed energetics, the
role of entropy in bimolecular ion-molecule reactions has
been discussed elsewhere110,111 and merits consideration
here. In particular, it is noted that G is the only observed
reaction which results in a decrease in the net number of
particles, with two coalescing into one. It is generally con-
sidered that it is the enthalpy, not the free energy, of bimole-
cular reactions under low-pressure conditions which is ther-
modynamically (and kinetically) pertinent. For reactions of
the general typeA-þBCfAB-þC,withnonet change in
the number of particles, deviations from this approximation
should be, and generally are found to be, minor. However,
for association reactions, A- þ BCfABC-, such as reac-
tionG, the decrease in the number of particlesmay introduce
a thermodynamically unfavorable, and undefined as the
temperature is undefined during the isolated interaction of
two particles, entropic effect.110 This effect, whichwould not
be revealed in the computed PEP, might account for the
diminished reaction efficiency.

Kinetic IsotopeEffects (KIEs).The kinetics for the three
primary uranate ions with the four methanol isotopologues
were measured and are given in Table 2, as k/kCOL. The
kinetics are essentially the same for CH3OH, CD3OH, and
CH3

18OH. However, it is apparent that there is a significant
reduction in reaction efficiencies for each of the three uranate
ions with CD3OD. In comparing the results for reactions
upon substitution of OD for OH in the reactant methanol,
specifically the comparative kinetics for CD3OD and CD3-
OH, it is evident that the reaction rates are reduced for the
former. The KIE due to the higher zero point energy (ZPE)
of theOHgroup is considered to reflect a reduction in energy
barriers, and faster kinetics, for processes in the mechanisms
which involve cleavage of an O-H rather than an O-D
bond.TheKIE ismost pronounced for reactionF (UO4H

-),
for which no reaction with CD3OD could be detected, and
somewhat less pronounced, but still significant, for reactions
A (UO3

-) andD (UO4
-).Referring to thePEPs for reactions

A and D in Figures 2 and 5, it is apparent that deuterium
substitution in the methanolic group, that is, in CD3OD,
should diminish the efficiency of the hydrogen-transfer
which occurs in FC f TS1; for these two reactions, the

(108) L�opez, J. G.; Vayner, G.; Lourderaj, U.; Addepalli, S. V.; Kato, S.;
Dejong, W. A.; Windus, T. L.; Hase, W. L. J. Am. Chem. Soc. 2007, 129,
9976–9985.

(109) Vallet, V.; Schimmelpfennig, B.;Maron, L.; Teichteil, C.; Leininger,
T.; Gropen, O.; Grenthe, I.; Wahlgren, U. Chem. Phys. 1999, 244, 185–193.

(110) Irikura, K. K. J. Am. Chem. Soc. 1999, 121, 7689–7695.
(111) Innorta, G.; Torroni, S.; Maranzana, A.; Tonachini, G. J. Orga-

nomet. Chem. 2001, 626, 24–31.
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uranium hydroxo group in intermediate I is not directly in-
volved in the subsequent transfer of the methyl hydrogen,
which is followed by formaldehyde elimination. In contrast,
from the computedmechanism for reactionF (Figure 7), the
methanolicproton is transferred inFCfTS1and thenagain
in IfTS2, and is ultimately eliminated in the neutral HDO
product. The particularly largeKIEwithCD3OD in the spe-
cific caseof reactionFmayresult fromthedirect involvement
of the methanolic hydrogen in each step of the reaction
mechanism.
For the reactions of UO3

- (A), UO4
- (D), and

UO4CD3 (G
i) it was possible to employ relative product

yields from the CD3OH/CD3OD mixture to evaluate the
comparative kinetics for these two methanol isotopolo-
gues. The pertinent reactions are specified in eqs 21a, 21b,
22a, 22b, 23a, and 23b, where the reactions with CD3OH
are designated as Ai, Di, and Gi, as in Scheme 1, and the
corresponding reactions with CD3OD are designated
as A‡, D‡, and G‡.

Ai UO3
- þCD3OH f DUO2ðOHÞ- þCD2O ð21aÞ

A‡ UO3
- þCD3OD f DUO2ðODÞ- þCD2O ð21bÞ

Di UO4
- þCD3OH f UOðOHÞðODÞ- þCD2O ð22aÞ

D‡ UO4
- þCD3OD f UOðODÞ2- þCD2O ð22bÞ

Gi UO3ðOCD3Þ-þCD3OHfUO2ðOCD3Þ2ðOHÞ- ð23aÞ

G‡ UO3ðOCD3Þ-þCD3ODfUO2ðOCD3Þ2ðODÞ- ð23bÞ
Among the reactions studied, only for mechanisms A,

D, andG is the methanolic proton retained in the product
ion, as is necessary to differentiate the reaction products
and thereby obtain relative kinetics from the product
abundances using the CD3OH/CD3OD mixture. The
relative product yields for the concurrent pairs of CD3OH
and CD3OD reactions provide the ratio of the rate
constants, k[CD3OH]/k[CD3OD]. The results indicate
that for each of the three reactions the kinetics for
CD3OD is slower, by a factor of approximately 2-3.
For UO3

- and UO4
-, these values are somewhat smaller

than the factors of 4-5 derived from the rate constants in
Table 2, but are qualitatively consistent. For reactions A
and D, the KIE is rationalized as discussed above. In the
case of G, the observed KIE suggests the hydrogen
transfer step in Figure 8, FCfTS1, presents a significant
barrier upon substitution of D for H in the methanolic
group. As indicated in Schemes 1 and 2, the KIE for
reactionG using CD3OH instead of CH3OH is negligible,
as expected if the methanolic proton is key in the reaction
pathway.
As is evident from the results in Table 2, the kinetics are

nearly the same forCH3OHandCD3OH,with only a very
small, if any, decrease in the rate constant for the partially
deuterated isotopologue. The reactions of UO3

- and
UO4

- require the transfer of a methyl hydrogen, corre-
sponding to I f TS2 in the PEPs, Figures 2 and 5. The
observation that the rate constants are essentially the
same for CH3OH and CD3OH suggests that transfer of
the methyl hydrogen is not rate-determining.
In summary, the KIE results are somewhat qualitative,

but clearly reveal significantly slower kinetics for CD3OD
versus CD3OH in reactions A, D, F, and G. For each of
these four reactions the computed mechanism involves
transfer of the methanolic hydrogen atom, which should
be more facile for a proton than a deuteron. The KIE is
particularly pronounced for reaction F as compared with
A, D, and G, which may reflect the involvement of the
methanolic proton along the entire PEP, rather than
during only one step as for the other three reactions.
The KIE results suggest that the rate-determining steps
for these reactions are not necessarily those with the
highest energy barriers. Even when transfer of a methyl
hydrogen atom occurs via a high-energy barrier, substitu-
tion of deuterium for the methyl protons results in a
negligible effect on the rate constant.

CID. Several of the product ions were subjected to
CID. The main results are summarized in Table 3. Only
the elementary dissociation channels are specified; loss of
more than one neutral species was observed for some
parent ions, but these multiple-elimination processes are
generally less directly informative about the structure of
the parent ion. The structures of the eliminated neutrals
are assumed to be the stable molecules, dihydrogen,
water, methanol, or formaldehyde. As discussed below,
the isotopic compositions of the eliminated species are
consistent with the postulated structures. In particular,
the isotopic compositions of products from CID of the
deuterium-labeled ions, 2i, 3i, 4i, 6i, 8i, 9i, and 10i, gen-
erally do not definitively elucidate their structures, but are
entirely consistent with them.
The sole association product 9

i, UO5C2D6H
- ion,

cleanly dissociates into only UO4CD3
- (þ CH3OH). It

is presumed that this product has the structure 8i and that
the dissociation proceeds by the reverse of the mechanism
for Gi shown in Figure 8. Notably, this is the only CID
process which directly corresponds to the reverse of an
observed forward reaction.
The UO3HD- and UO4HD- ions exhibit disparate

dissociation pathways which result in the evidently parti-
cularly stable UO3

- ion. The different dissociation beha-
viors of these two ions are consistent with their disparate
structures, specifically the distinctive presence of a hy-
dridic deuterium atom in DUO2(OH)-. The elimination

Table 2. - Relative Kinetics for Primary Reactions of Uranates with Methanol
Isotopologuesa

CH3OH CD3OH CD3ODb CH3
18OH

UO3
- (A) 0.21 0.20 0.04 0.22

UO4
- (D) 0.039 0.036 0.01 0.034

UO4H
- (F) 0.17 0.16 <0.01 0.16

aThe relative kinetics are given as k/kCOL. Absolute rate constants, k,
are obtained by multiplying these k/kCOL values by kCOL = 1.7 � 10-9

cm3 molecule-1 s-1, which is nearly constant for these reactant uranate
ions and methanol isotopologues of similar masses. The reactions are
identified in parentheses as labeled in Scheme 1, and the corresponding
computed PEPs are shown in Figures 2, 5, and 7. bThese values were
derived from themeasured overall rate constants for pure CD3OH and a
∼50%/50% mixture of CD3OD/CD3OH. The uncertainties associated
with these values are accordingly somewhat greater than for the others.
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of only HD, and not HDO, from DUO2(OH)-, 2i,
suggests that UO3

-, not UO2
-, is the preferred product,

in accordwith the greater abundance of the trioxide anion
during the LDI ion production process.52 The CID result
for DUO2(OH)- is in accord with the general interpreta-
tion that the inert character of UO2

- is due to a kinetic
resistance to reaction, rather than its inherent thermo-
dynamic stability, as discussed above and seen in the
computed PEPs (Supporting Information, Figures S14
and S15). The absence of UO2

- as a CID product may
also relate to the general propensity against changing
oxidation states: the oxidation state in both DUO2(OH)-

and UO3
- is U(V), whereas that in UO2

- is U(III). The
UO2(OH)(OD)- ion, 6i, exclusively eliminates HDO to
produceUO3

-, this is in contrast toHD-elimination from
DUO2(OH)-, which may partially reflect the greater
oxidative stability of UO3

- versus UO4
-.

The UO4CD3H
- ion, 3i, dissociates to UO3

- (þ CD3-
OH), and UO4HD- (þ CD2O), where the latter ion is
presumably the hydroxide deuteroxide, 6i. The alterna-
tive CID channel corresponding to elimination of a
methanol molecule again indicates a special stability of
theUO3

- ion. CID of 3iwas performed for the product of
this composition from reaction sequences 1i and 2i. The
observation that the same CID results were obtained
from both provides additional confirmation that these
two 3

i species do indeed have the same structure, this
being the conclusion based on the identical kinetics for

reaction C in sequences 1 and 2 that the structure of 3 is
the same in both. This result also supports the computed
mechanisms for reactionsB andE, for which the products
are predicted to be the same.
The structure of the UO3D

- product from CID of
UO4CD3

-, 8i, is not known. This product ion could
reasonably be a dioxohydroxide, DOUO2

-, in which
the formal oxidation state is U(IV), or a trioxohydride,
HUO3

-, in which the formal oxidation state is U(VI).
Conservation of oxidation states would favor the latter.
Elimination of CD3OD from, UO4C2D6

-, 4i, and
UO5C3D9

-, 10i, evidently produces new types of species,
UO3CD2

- from the former, and UO4C2D5
- from the

latter. The UO3CD2 CID product from 4i could feasibly
incorporate a UdCD2 carbene bond; a O3UdCD2

-

trioxo carbene ion would be formally isoelectronic with
the observed and evidently stable UO4

- ion. From the
PEP for reaction D (Figure 5), it is evident that the
(OCH2) ligand in the quite low-energy intermediate II is
bound to the uranium metal center. More plausible than
carbenes would be the species with a ligand known to be
stable, UO2(OCD2)

-. The alternate CD2O elimination
pathway for UO4C2D6

-, 4i, produces UO3CD4
-.

Although the structure of this latter ion is not known,
analogywith the structure ofUO3HD-, 2i, suggests that it
is likely either a methoxo deuteride, DUO2(OCD3)

-, or
possibly a deuteroxy methide, (D3C)UO2(OD)-. A rea-
sonable candidate structure for the UO4C2D5

- CID
product from 10i is UO2(OCD3)(OCD2)

-.
The partially 18O-substituted isotopologues, 3†, 4†, 8†,

9†, and 10†, eliminate methanol and/or formaldehyde
which incorporate an 18O atom. These results are con-
sistent with the computed mechanisms for reactions B,C,
F, G, and H. According to these computed mechanisms,
the intact 18O-labeled methoxo moiety is bonded to the
uraniummetal center, U-18OCH3. The dissociation pro-
cesses then proceed by mechanisms in which the robust
U16O2 uranyl structural unit, 16OdUd16O, remains in-
tact, and an 18O associated with an equatorial methoxo
ligand is eliminated. For example, the elimination of only
species containing 18O from UO2

18O2C2H6
- (4†) sup-

ports the UO2(
18OCH3)2

- structure predicted by the
computed mechanisms for reaction sequences 1 and 2.
Similarly, the elimination of CH2

18O from 8† is in accord
with the expected UO3(

18OCH3)
- structure. Also, the

elimination of CH3
18OH from 10† supports the computed

UO2(
18OCH3)3

- structure; the uranyl motif remains in-
tact during CID.
It is notable that only CH3

18OH and CH2
18O are

eliminated from 3†, which is formulated as UO2(OH)-
(18OCH3)

-. This indicates that the CID decomposition
pathway proceeds exclusively via elimination of the meth-
oxo oxygen, not the hydroxo oxygen. Similarly, only
CH3

18OH is eliminated from 9†, which is formulated as
UO2(OH)(18OCH3)2

-. These CH3
18OH products demon-

strate reversibility in the characteristic mechanisms for the
forward reactions in that the hydroxoproton is transferred
to the methoxo group during the elimination processes.
The 18O labeling results indicate that CID of methoxo

species proceed by mechanisms which leave the C-O
bond in the methoxo group intact. The 18O is eliminated
by either H-atom abstraction, that is, CH3

18OH elimina-
tion, or H-atom donation, that is, CH2

18O elimination.

Table 3. CID Productsa

parent ion product ion(s) and neutral(s)b

UVO3HD- (2i) UVO3
- þ HD

UVO4CD3H
- (3i) UVO3

- þ CD3OH
UVO4HD- þ CD2O

UVO4C2D6
- (4i) UO3CD4

- þ CD2O
UO3CD2

- þ CD3OD

UVO4HD- (6i) UVO3
- þ HDO

UVIO4CD3
- (8i) UO3D

- þ CD2O
UVIO5C2D6H

- (9i) UVIO4CD3
- þ CD3OH

UVIO5C3D9
- (10i) UO4C2D5

- þ CD3OD

UVO3
18OCH4

- (3†) UVO3
- þ CH3

18OH
UVO3H2

- þ CH2
18Oc

UVO2
18O2C2H6

- (4†) UO2
18OCH4

- þ CH2
18Od

UO2
18OCH2

- þ CH3
18OH

UVIO3
18OCH3

- (8†) UO3H
- þ CH2

18O
UVIO3

18O2C2H7
- (9†) UVIO3

18OCH3
- þ CH3

18OH
UVIO2

18O3C3H9
- (10†) UO2

18O2C2H5
- þ CH3

18OH

aOnly CID channels corresponding to loss of a single neutral are
reported as these are most informative. None of the primary uranate
ions, UO2

-, UO3
-, UO4

- or UO4H
-, exhibited CID under these

conditions. The parent ion labeling is as shown in Scheme 2 for the
deuterated products, and as described in the text for the 18O products.
The indicated oxidation states are based on the lowest-energy structures
shown in Figure 1 and Supporting Information, Figure S4 for the parent
ions; for the CID product ions, the assigned oxidation states also
correspond to those of the lowest-energy computed structures, where
known. bThe indicated structures of the neutral products were not
directly determined. cThe elimination of CH2

18O, which is isobaric with
the alternative CH3OH, was inferred from the CID results for 3

i;
CH3OH loss cannot be excluded as a channel here. dThe elimination
ofCH2

18O,which is isobaric with alternative CH3OH,was inferred from
the CID results for 4i; CH3OH loss cannot be excluded as a channel.
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The dissociations evidently proceed as the reverse of the
forward reactions.
Where it was feasible to confidently assign oxidation

states to the uranium metal center in both the parent ion
and the CID product ions, that is, for parents 2, 3, 6,
and 9 (Table 3), it is apparent that there is no change in
oxidation state upon dissociation: UV fUV/UVI fUVI.
This is just as is observed for the uranate/methanol
reactions (with the exception of the initial reaction of
UO4

-) and contrasts with the redox processes which
occur during CID of vanadium oxide cations.112

Conclusions

Primary and sequential bimolecular reactions of four
elementary uranium oxide (hydroxide) anions, UO2

-,
UO3

-, UO4
-, and UO4H

-, with methanol were studied
experimentally and theoretically. The structures of these
elementary gas-phase “uranate” ions produced by LDI52

have been computed by DFT, and these results were sub-
stantiated by experiments. The three binary oxides, including
UO4

-, have discrete U-O bonds and no O-O bonding; the
UO4H

- ion is the hexavalent uranium oxide hydroxide,
UO3(OH)-. The UO2

- ion was found to be inert, in accord
with the computed PEPs for several viable reaction path-
ways. The other three ions each sequentially reacted with
three methanol molecules, as summarized in Scheme 1, for
each reaction only a single pathway and product was ob-
served; the terminal inert products were the “uranyl” bis-
methoxide, UO2(OCH3)2

- and the “uranyl” tris-methoxide,
UO2(OCH3)3

-. The approximately linear “uranyl”moiety in
the reactant ions was retained in all of the intermediates and
products. The initial step in each computed mechanism is
transfer of the methanolic proton to an oxo-ligand on the
uranium metal center concurrent with association of the
resulting methoxy group to the uranium metal center.
Isotope labeling experiments using the CD3OH, CD3OD,

and CH3
18OH isotopologues as reactants enabled experi-

mental verification of several aspects of the computedmecha-
nisms and structures, including the hydride hydroxide struc-
ture of HUO2(OH)- . The experimental results validated the
efficacy of the two employed levels of density functional
theory, PW91/ZORA and B3LYP/SDD, for computing
PEPs and structures for reactions such as those examined
in this work. The agreement between the two levels of theory

was generally good, with the exceptions of energies of the
intermediates and products for the UO4

-/CH3OH reaction.
Some of the computed energies are evidently less accurate
than are the mechanisms and structures. For example, the
PW91/ZORA PEP for the UO3

-/CH3OH reaction indicates
it should be endothermic by ∼5 kcal mol-1, and the profile
for the UO5C2H7

- reaction includes transition states which
lie above the reactant energies.
Given that a motivation for gas-phase reactivity studies is

to provide a fundamental basis for understanding interfacial
and condensed phase chemistry, the present results can be
compared with the reaction of methanol at UO2 solid
surfaces.62 The formation of gas-phase methoxides in the
present work is evidently analogous to the initial step of
methoxide formation on uranium oxide surfaces. It is also
notable that CID of the hydroxide methoxide species UO2-
(OH)(OCH3)2

- results in elimination of CH3OH; there
would seem to be a correspondence of the CID results, in
which the ion is essentially heated, with the recombination of
adsorbedmethoxy groups and hydrogen atoms upon surface
heating.62 Future gas-phase studies, both experimental and
theoretical, will examine larger uranium oxide clusters and
will further explore relationships of gas-phase reactions to
interfacial and condensed phase chemistry.

Acknowledgment. This work was supported by the
Universit�a degli Studi della Calabria and by FP7 project
HYPOMAP (project n. 233482); by Fundac-~ao para a
Ciência e a Tecnologia (FCT) under contract PPCDT/
QUI/58222/2004; and by the Director, Office of Science,
Office of Basic Energy Sciences, Division of Chemical
Sciences, Geosciences and Biosciences of the U.S. Depart-
ment of Energy at LBNL, underContractNo.DE-AC02-
05CH11231. M.C.M. is grateful for the opportunity to
be a Guest Scientist in the Chemical Sciences Division
at LBNL.

Supporting Information Available: Detailed description of the
computational and experimental methods. Comparison of the
bond lengths and NPA charges in a series of uranium oxides.
Comparison of the reaction energetic and energy barriers com-
puted at B3LYP/SDD and PW91/ZORA levels of theory for all
the reactions studied in this work. Kinetic data plots for reactions
A, D, and F. Geometrical parameters of all of the minima and
transition states involved in the studied reaction pathways
(reactions A to H), high-energy PEPs for the UO3

- þ CH3OH
reaction, andPEPsandgeometrical parametersof all of the species
involved in theUO2

-þCH3OHstudied reactions.Thismaterial is
available free of charge via the Internet at http://pubs.acs.org.

(112) Schr€oder, D.; Engeser, M.; Schwarz, H.; Rosenthal, E. C. E.;
D€obler, J.; Sauer, J. Inorg. Chem. 2006, 45, 6235–6245.


