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1 | INTRODUCTION

Recent experiments by our group have demonstrated that lower levels
of adventitious H,O in a linear ion trap (LIT) mass spectrometer can

provide access to fragmentation pathways and reactions for gas-phase

Abstract

The goals of the present study were (a) to create positively charged organo-uranyl
complexes with general formula [UO,(R)]* (eg, R=CH3 and CH,CHj3) by decarboxyl-
ation of [UO,(O,C—R)]* precursors and (b) to identify the pathways by which the
complexes, if formed, dissociate by collisional activation or otherwise react when
exposed to gas-phase H,O. Collision-induced dissociation (CID) of both
[UO,(0,C—CH3)l* and [UO,(0,C—CH,CH3)]* causes H* transfer and elimination of
a ketene to leave [UO,(OH)]". However, CID of the alkoxides [UO,(OCH,CH3)]*
and [UO,(OCH,CH,CH3)]* produced [UO,(CHs3)]* and [UO,(CH,CH3)]™, respectively.
Isolation of [UO,(CH3)]™ and [UO,(CH,CH3)]" for reaction with H,O caused forma-
tion of [UO,(H,O)I" by elimination of -CHz and -CH,CHs3: Hydrolysis was not
observed. CID of the acrylate and benzoate versions of the complexes,
[UO,(0,C—CH=CH,)]" and [UO,(0,C—C4Hs)]*, caused decarboxylation to leave
[UO,(CH=CH,)]" and [UO,(C4H5)]", respectively. These organometallic species do
react with H,O to produce [UO,(OH)]*, and loss of the respective radicals to leave
[UO,(H,0)]" was not detected. Density functional theory calculations suggest that
formation of [UO,(OH)]*, rather than the hydrated UYO,*, cation is energetically
favored regardless of the precursor ion. However, for the [UO,(CHs3)]" and
[UO,(CH,CH3)I* precursors, the transition state energy for proton transfer to gener-
ate [UO,(OH)]" and the associated neutral alkanes is higher than the path involving
direct elimination of the organic neutral to form [UO4(H,O)]". The situation is
reversed for the [UO,(CH=CH,)]" and [UO,(C4H5s)]* precursors: The transition state
for proton transfer is lower than the energy required for creation of [UO,(H,O)]" by

elimination of CH=CH, or C¢<Hs radical.
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uranyl (UY'0,2") complexes that were not observed during previous
experiments conducted with a three-dimensional quadrupole ion trap
(QIT).Y” When H,0 levels in an ion trap are high, precursor complexes
that are isolated for collision-induced dissociation (CID) tend to

undergo association reactions to make adducts or charge reduction
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reactions to form products such as [UO,(OH)]*, [UO,]*, and hydrates
of these cations.®*? For example, with complexes of UO,?" coordi-
nated by acetone, the H,O addition rates were so fast that fragment
ions containing two or three acetone ligands, generated by CID of
larger precursors, hydrated to generate heterogeneous, tetra-, or
penta-coordinate complexes that dominated the product ion spec-
trum.” This prevented the detailed investigation of complex ions con-
taining UO,2* and two or fewer ligands. However, in a recent
investigation of the fragmentation behavior of UO,2" complexes con-
taining acetonitrile,® we demonstrated that the lower levels of back-
ground H,O in a LIT allowed us to produce bare UO,%* by multiple-
stage CID and generate an [NUO]" product by CID of [UO4(NC)I*.
While gas-phase [NUO]" had been created by Heinemann and
Schwarz using insertion of U* into NO in an ion-molecule reaction
(IMR),*2 our experiments demonstrated that the species can also be
produced in a CID reaction through a (putative) cyanate intermediate.

The low level of background H,0O in the LIT also allowed us to
revise the intrinsic dissociation pathways for a range of species such
as [UOL(NO3)I*, [UOL(CIOL)]Y, and [UO,(O,C-CHs)s] .37 For exam-
ple, with relatively high levels of background H,0O, CID of [UO,(NO3)]*
generated peaks corresponding to [UO,(H,0)]" and UO,". However,
with lower levels of background H,O, the dominant product ion gen-
erated by CID of [UO,(NO3)]* was [UO,(O,)]", created by the ejection
of NO. When isolated for IMR, the [UO,(O,)]* product can undergo a
facile exchange reaction with H,O to leave [UO4(H,O)l*, thus
explaining the observations made when using an ion trap with high
levels of background H,O.

In another set of experiments that are relevant to the present
study, electrospray ionization (ESI) and multiple-stage (MS") tandem
mass spectrometry were used to create and characterize ions derived
from anionic UO,2*-formate and -acetate precursors.®> When the
levels of background H,O are low, [UO,(O,C—H)s]” fragments by
decarboxylation and elimination of CH,=0, ultimately to produce
the oxo-hydride [UO,(O)(H)]". The primary fragmentation pathway
for [UO,(O,C—CHa3)3]™ is elimination of acetyloxyl radical, CH3CO,:,
UO,%* to UO,". Subsequent CID of
[UO,(0O,C—CHs),]” formed the organometallic complex [UO4(CH3)
(O,C—CH3)]” by decarboxylation. The organometallic product then
reacted with H,O to produce [UO,(OH)(O,C—CHs)]™ (and neutral
CH,4) when independently isolated for IMR with H,O. CID of the
[UO,(CH3)(0,C—CHa)]” species caused intracomplex proton transfer
and loss of CH,4 to create [UO,(O,C=CH,)]", which subsequently
fragmented to generate [UO,(O)]". These reaction pathways were in

with reduction of

contrast to an earlier report by Luo et al,** who listed species such
as [UO,(CH3)(OH)]” and [UO,(OH),]” among terminal dissociation
products. Our experiments demonstrated that the ions are instead
artifacts of reactions between CID products and background H,O.
Our experiments with formate and acetate complexes followed a
previous study®® in which a QIT was used to investigate the dissocia-
tion reactions of anionic actinyl complexes with carboxylate ligands.
Precursor ions with the general formula [AnO,(O,C—R)3]", where An
= U, Np, and Pu and R = CHj3 (methyl), CH3;C=C (1-propynyl), C¢Hs
(phenyl), and C4Fs (pentafluorophenyl), were subjected to CID.

SPECTROMETRY
Product ions such as [(R)AnO,(O,C—R),]” and [(R)>AnO,(O,C—R)]”
were generated by decarboxylation, and this was the first report of
such species that included discrete Np—C and Pu—C bonds.

Given the interesting actinyl complexes generated in the negative
ion mode, the goals of the present study were (a) to determine
whether similar, cationic uranyl-alkyl or aryl complexes with general
formula [UO,(R)]* could be produced by decarboxylation of
[UO,(0O,C—R)]" precursors and (b) to identify the pathways by which
the species, if formed, dissociate by collisional activation or otherwise
react when exposed to gas-phase H,O. Our hypothesis was that lower
levels of adventitious H,O would improve the likelihood that the

organometallic species would be generated by multiple-stage CID.

2 | EXPERIMENTAL METHODS

2.1 | Sample preparation

Ethanol (CH3;CH,OH) and 1-propanol (CH3;CH,CH,OH) were pur-
chased from Sigma-Aldrich Chemical (St. Louis, MO) and used as
received. Samples necessary to prepare gas-phase uranyl-acetate, -
propionate, -acrylate, or -benzoate cations were prepared by combin-
ing 2 to 3 mg of UV'O3 (Strem Chemicals, Newburyport, MA), corre-
sponding to approximately 7 x 107° to 1 x 10™> moles, with a
twofold mole excess of the respective carboxylic acids (Sigma Aldrich,
St. Louis, MO) and 400 pL of deionized/distilled H,O in a glass scintil-
lation vial. The solutions were allowed to incubate on a hot plate at
70°C for 12 hours. Caution: uranium oxide is radioactive (a- and y-emit-
ter), and proper shielding, waste disposal, and personal protective gear
should be used when handling the material. When cooled, 20 pL of
the resulting solution was diluted with 800 uL of 50:50 (by volume)
H,0:CH3CH,0H and used without further work up as the spray solu-
tion for ESI-MS. CH3CH,OH is used as co-solvent in most of our
experiments to avoid any ambiguity when looking for potential molec-
ular O, adducts to product ions.**"* With the limited mass measure-
ment accuracy of the LIT, O, and CH3OH adducts cannot be
distinguished. As discussed below, CH3;CH,CH,OH was used for one
set of experiments to generate the [UO,(CH,CHj3)]™ precursor for
investigation of reaction with H,O.

ESI and CID experiments were performed on a ThermoScientific
(San Jose, CA) LTQ-XL LIT mass spectrometer. The spray solutions
were infused into the ESI-MS instrument using the incorporated
syringe pump at a flow rate of 5 uL/min. In the positive ion mode,
the atmospheric pressure ionization stack settings for the LTQ (lens
voltages, quadrupole and octopole voltage offsets, etc) were opti-
mized for maximum transmission of singly charged ions such as
[UO4(0,C—R)(CH3CH,0H),]" and [UO,(0,C—R)(CH3CH,OH)5]* to
the LIT by using the auto-tune routine within the LTQ Tune program.
Helium was used as the bath/buffer gas to improve trapping efficiency
and as the collision gas for CID experiments.

For CID, precursor ions were isolated using a width of 1.0 to 1.5
m/z units. The exact value was determined empirically to provide max-

imum ion intensity while ensuring isolation of a single isotopic peak.
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To probe CID behavior in general, the (mass) normalized collision
energy (NCE, as defined by ThermoScientific) was set between 5%
and 18%, which corresponds to 0.075 to 0.27 V applied for CID with
the current instrument calibration. The activation Q, which defines the
frequency of the applied radio frequency potential, was set at 0.30,
and a 30-ms activation time was used.

To probe gas-phase reactions of selected precursor ions with back-
ground neutrals, ions were isolated using widths of 1 to 2 m/z units.
Here too, the specific width used was chosen empirically to ensure
maximum ion isolation efficiency. The ions were then stored in the
LIT for periods ranging from 1 ms to 10 s. Despite the lower H,O
levels in the 2-D LIT under normal operating conditions, there is still
a sufficient partial pressure of the neutral to permit an investigation
of IMRs, particularly when using long isolation times. Our intent was
not to measure or report rates or rate constants but to identify the
pathways by which ions react with neutrals such as H,O or O, in
the LIT. The levels of these neutral species in the LIT are too low to
allow a rigorous examination of H,O addition rates to specific uranyl
complexes for comparison to earlier studies, and our instrument is
not configured to allow controlled addition of neutral reagents for
IMR. For both CID and IMR experiments, the mass spectra displayed
were created by accumulating and averaging at least 30 isolation, dis-

sociation, and ejection/detection steps.

2.2 | DFT calculations

Geometry optimizations for potential product ion structures were per-
formed using the B3LYP,2°22 PBE0,2%24 M06-L and M06-2X func-
tionals,?> the MWBG60 pseudopotential and associated basis set on
U, and the 6-311 + G(d,p) basis set on all other atoms. In all cases,
an ultrafine integration grid was used. Vibrational frequency calcula-
tions were used to determine whether optimized structures were true
minima (no imaginary frequencies) or transition states (one imaginary
frequency) and for zero-point and thermal correction of energies.
Transition state calculations for the hydrolysis of organometallic com-
plexes were performed using the QST2 and QST3 methods.?® Intrinsic
reaction coordinate (IRC) calculations were used to confirm that the
transition states bridged the appropriate minima. The Gaussian 16

software package?” was used for all calculations.

3 | RESULTS AND DISCUSSION

3.1 | Creation of [UO4(R)]" species and reactions
with gas-phase H,O

As noted earlier, one aim of this study was to create cationic uranyl-
alkyl and -aryl complexes by decarboxylation using MS" CID. This
approach has been used extensively to create a range of organometal-
lic species, including some that contain UO,2*, for gas-phase stud-
jes. 3132831 |n several cases, the positively and negatively charged
organometallic species were created for subsequent study of hydroly-

sis in a species-specific fashion.31%28:29:31

The MS" CID of [UO4(0,C—CH3)(CH3CH,0H),]*, n = 0 - 3, was
discussed in our previous report.® For the sake of comparison with
the respective carboxylate precursors presented below, the MS" spec-
tra are provided in Figure S1 and briefly summarized here. The most
abundant positively charged species generated by ESI of uranyl ace-
tate in 50:50 H,0O/CH3CH,OH was [UO,(0,C—CH3)(CH3CH,OH),]*
at m/z 421 (Figure S1A). CID of [UO,(O,C—CHg)(CH3CH,OH),l*
caused elimination of single CH3CH,OH ligands in sequential stages
(MS/MS and MS® stages, Figure S1B,C, respectively) to generate
[UO,(0O,C—CH3)]* at m/z 329. Subsequent CID (Figure S1D) of
[UO,(0,C—CH3)]" generated [UO,(OH)]* at m/z 287. The product
jon shifted to m/z 288 for CID of [UO,(O,C—CD3)]*,® consistent with
a dissociation reaction pathway that involves intramolecular H*(D")
transfer and elimination of ketene O=C=CH, (O=C=CD, for the deu-
terium labeled analog) as suggested by Waters et al.*2 Formation of
[UO,(CH3)l* by decarboxylation of [UO,(O,C—CHs)]" did not occur.

Graul and Squires used CID of (bare) ethoxide to synthesize the
methyl carbanion for studies of gas-phase reactivity in a flowing after-
glow instrument.3® We found that sufficient abundance of ethanol-
coordinated uranyl-ethoxide cation, [UO,(OCH,CH3)(CH3;CH,OH),]",
was created by ESI| of the uranyl-acetate solution (in 50:50 H,O:
CH3CH,OH) to allow preparation of [UO,(OCH,CH3)]* by MS" CID.
Subsequent CID of [UO,(OCH,CH3)]"* created [UO,(CH3)]*.4

The CID of [UO,(CH3)]* was probed in our previous study®; the
sole fragmentation pathway is creation of [UO,]* (m/z 270) by elimi-
nation of CHj radical. The product ion spectra generated by isolation
of [UO(CH3)]" at m/z 285, without imposed collisional excitation,
for reaction with background neutrals (presumed to be primarily
H,0 and O,) over time periods ranging from 1 ms to 1 s are shown
in Figure 1. At isolation times of 10 and 100 ms, (Figure 1A,B, respec-
tively), [UO,(H,0)]* and UO," product ions at m/z 288 and 270,
respectively, were observed. At isolation times of 1 and 10 s (Fig-
ure 1C,D, respectively), larger hydrates such as [UO,(H,0),]" and
[UO,(H,0)s]" at m/z 306 and 324, along with the O, adduct
[UO,(H,0)(0)]*, 118 are also formed.

The appearance of the [UO,(H,0)]" is likely the result of reaction
1, in which the energy associated with binding of H,O drives the elim-
ination of -CH5 and reduction of uranyl to UO,%*. The formation of
UO," may involve either collisions with He or H,O with sufficient
energy to cause reductive elimination of -CH3 directly or the loss of
H,0 from the [UO,(H,0)]" product created in reaction 1.

[UO,(CH3)]" + H0—[UO,(CHz) (H20)]H*—[UO, (H,0)] "
+-CHas. (1)

While a hydrolysis pathway was observed for anionic actinyl
organometallic complexes in earlier studies,®>'® the formation of
[UO,(OH)]" (m/z 287) and elimination of CH,4 (reaction 2) was not
detected above background in the present study (Figure 1).

[UO2(CHg)]™
+ H20—>[UOz(CHg)(Hzo)]+*—>[UOZ (OH)(CH4)]+*—>[U02 (OH)]Jr
+ CHg.

(2)
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FIGURE 1 Product ion spectra generated by isolation and storage of
[UOL(CH3)I* (m/z 285) for reaction with background H,O: (A) 1 ms, (B)
10 ms, (C) 100 ms, and (D) 1 s. In each spectrum, the bold peak label
indicates the precursor selected for ion-molecule reaction, while labels
in italics represent the product ions as indicated in the text. The
[UO,(CH3)I* ion was generated by multiple-stage collision-induced
dissociation (CID) initiated with a [UO5(OCH,CH3)(CH3;CH,OH),]*
precursor ion [Colour figure can be viewed at wileyonlinelibrary.com]

Because the electron affinity of a neutral can be used to assess the
stability of an anion, we propose that the exclusive formation of
[UO4(H,O)]* upon isolation of [UO,(CH3)]* for IMR likely reflects
the low electron affinity of the methyl radical (+0.080 + 0.002
eV).2435 Further discussion of potential competition between reac-

tions 1 and 2 is provided below.

WILEY-gbE3roMETRY

The next step was to create the positively charged complex
[UO,(CH,CH3)]*. However, the MS" CID of the uranyl-propionate
complex, [UO4(0O,C—CH,CH3)(CH3CH,OH),]*, (data now shown) pro-
duced essentially the same results observed for the acetate-containing
precursor: CH3CH,OH ligands were eliminated in sequential steps
(MS/MS and MS® stages, respectively), and subsequent CID of
[UOL(0,C—CH,CH3)l* (MS* stage) created [UO,(OH)]* at m/z 287.
The 1-propoxide complex [UO,(OCH,CH,CH3)(CH3CH,CH,OH),1*
was a prominent ion in the ESI spectrum of the uranyl-propionate
solution prepared in 50:50 H,0O:CH3;CH,CH,OH. Initiating MS" CID
experiments with this precursor, we were able to generate
[UOL(CH,CH3)]* (MS* stage, Figure S2).

CID of [UO,(CH,CH3)l* (MS® stage, Figure S4D) primarily caused
elimination of CH,CHj radical to leave [UO,]* at m/z 270. Isolation
of [UO,(CH,CH3)]" for 1 ms to 1 s (Figure S3) to react with H,O gen-
erated only [UO,(H,0)]" at m/z 288, presumably through a reaction
similar to 1. Hydrolysis to generate [UO,(OH)]" at m/z 287 was not
observed. Exclusive loss of the CH,CH3 radical, with reduction of
UO,?* to UVO,", after association of the precursor complex with
H,O in an IMR is consistent with the negative electron affinity for
the ethyl radical (-0.263 + 0.089 eV),%® which indicates an “unbound”
state (unstable towards electron detachment®”).

We next examined the CID of the uranyl-acrylate precursor and
began MS" experiments with [UO4(O,C—CH=CH,)(CH3CH,OH),]*
at m/z 433. Our hypothesis was that the significantly higher electron
affinity of the vinyl radical (+0.667 + 0.024 eV)*® compared with the
ethyl radical would make formation of the vinyl carbanion by decar-
boxylation more favorable. As for the acetate and propionate precur-
sors, CID of [UO4(0,C—CH=CH,)(CH3CH,OH),]* caused the
sequential elimination (MS/MS and MS? stages, Figure 2AB, respec-
tively) of CH3CH,OH ligands to leave [UO,(O,C—CH=CH,)]*. How-
ever, unlike the acetate and propionate precursors, subsequent CID
of [UO,(0,C—CH=CH,)]* (MS* stage, Figure 2C) caused decarboxyl-
ation (reaction 3) to leave [UO,(CH=CH,)]" at m/z 297, along with
[UO,(OH)I* and UO,".

[UO2(02C—CH=CH,)] " —[UO(CH=CH;)]" + CO,, (3)

CID of [UO,(CH=CH,)]" generated UO," by elimination of vinyl
radical, -CH=CH, (MS® stage, Figure 2D).
[UO,(CH=CH,)]* (MS® stage, Figure 3) for reaction periods of 10
and 100 ms (Figure 3A,B, respectively) produced [UO,(OH)]* through
a hydrolysis reaction similar to (2). At longer reaction times (1 and 10s,
Figure 3C,D, respectively), the mono-, di-, and tri-hydrates [UO,(OH)
(H20)]", [UO,(OH)(H20),]*, and [UO,(OH)(H,0)3]" were observed at
m/z 305, 323, and 341, respectively. The [UO,(H,0)]" ion, the domi-
nant product when [UO,(CH3)]* and [UO,(CH,CHg3)]* were isolated
and allowed to

Isolation  of

react with H,O, was not observed for
[UO,(CH=CH,)]*. This result is consistent with the relatively high
electron affinity of the vinyl radical and the fact that formation of
UO," required collisional activation.

The multiple-stage CID spectra derived from the uranyl-benzoate

precursor, [UO5(0,C—C¢Hs)(CH3CH,OH),]*, are shown in Figure S4.
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[UO,(0,C-CH=CH,)(CH,CH,OH)]*
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FIGURE 2 Multiple-stage collision-induced dissociation (CID)
spectra derived from uranyl acrylate in 50:50 H,O/CH3;CH,OH: (A)
CID (MS/MS) of [UO,(O,C—CH=CH,)(CH3CH,OH),]* at m/z 433, (B)
CID (MS® stage) of [UO,(0,C—CH=CH,)(CH;CH,OH)]* at m/z 387,
(C) CID (MS* stage) of [UO,(O,C—CH=CH,)]* at m/z 341, and (D) CID
(MS? stage) of [UO,(CH=CH,)]" at m/z 297. In each CID spectrum, the
bold peak label indicates the precursor selected for CID, while labels in
italics identify the dissociation products. H,O adducts are indicated
with an asterisk [Colour figure can be viewed at wileyonlinelibrary.
com]

CID of [UO4(0,C—C¢Hs)(CH3CH,OH),]* (MS/MS stage, Figure S4A)
and [UO,(0O,C—C4Hs)(CH3CH,OH)]* (MS® stage, Figure S4B) caused
the elimination of single CH3CH,OH ligands. Subsequent CID of
[UO,(O,C—C4Hs)l* (MS? stage, Figure S4C) at m/z 391 produced
the uranyl complex with the phenyl carbanion, [UO,(C4Hs)]* by decar-
boxylation, and [UO,]" by elimination of C4HsCO, radical. CID of

297
(A) [UO,(CH=CH,)]*
[UO,(OH)]*
287
(B) 297
[UO,(OH)]*
287
' C o287 1 '
(C) ;
r T — .V. T N
287 §
(D) :
[UO,(OH)(H,0)1* ]
[UO,(OH)(H0)I" | s
250 275 300 325

FIGURE 3 Product ion spectra generated by isolation and storage of
[UO4(CH=CH,)]* (m/z 297) for reaction with background H,O: (A) 10
ms, (B) 100 ms, (C) 1 s, and (D) 10 s. In each spectrum, the bold peak
label indicates the precursor selected for ion-molecule reaction, while
labels in italics represent the product ions as indicated in the text
[Colour figure can be viewed at wileyonlinelibrary.com]

[UO,(C¢Hs)™ (MS® stage, Figure S4D) generated UO,* at m/z 270
by elimination of the phenyl radical. Isolation of [UO,(C¢Hs)]* (MS®
stage, Figure 4) for reaction periods of 10 ms to 10 s produced only
[UO,(OH)I* by hydrolysis and the hydrates [UO,(OH)(H,O)I*,
[UO,(OH)(H,0),]" and [UO,(OH)(H,0)s]" by subsequent H,O addi-
tion. The [UO,(H,0)]" product was not observed following isolation
of [UO,(CgH5)]* to react with H,0, consistent with the electron affin-
ity of the phenyl radical (+1.0860 + .0060 eV),* which is higher than
those of both the methyl and vinyl radicals.


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

TATOSIAN ET AL.

347
(A) [UO,(CeHs)I*
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FIGURE 4 Product ion spectra generated by isolation and storage of
[UOL(C4Hs)l* (m/z 347) for reaction with background H,O: (A) 10 ms,
(B) 100 ms, (C) 1 s, and (D) 10 s. In each spectrum, the bold peak label
indicates the precursor selected for ion-molecule reaction, while labels
in italics represent the product ions as indicated in the text [Colour
figure can be viewed at wileyonlinelibrary.com]

3.2 | DFT calculations of reaction energies

The appearance of either [UO,(H,O)]* or [UO,(OH)]* as reaction
products, as described above, implicates collisions with gas-phase
H,O in the LIT. Given the different reactivity displayed by
[UO,(CH3)* and [UO,(CH,CH3)]* on the one hand and
[UO5(CH=CH,)]" and [UO,(C4Hs)]* on the other, we used density
functional theory (DFT) to compute zero-point corrected relative elec-
tronic energy and reaction free energy changes for reactions 1 and 2.
Computed Gibbs free energies (298 K) for reactions 1 and 2 are pro-
vided in Table 1 along with the experimentally measured branching

WILEY-gbEromETRY

ratios. The zero-point corrected electronic energies for the same reac-
tions are provided in Table S1.

Regardless of the precursor organo-uranyl species investigated,
the relative change in corrected electronic energy and free energy
for hydrolysis (reaction 2) is significantly more negative than for loss
of a neutral radical to generate [UO,(H,0)]" (reaction 1). Therefore,
the computed energy changes are in agreement with the reactivity
measured for [UO,(CH=CH,)]* and [UO(C¢Hs)]* but not with our
results for [UO,(CH3)]* and [UO4(CH,CH3)]*, which both generate
[UO,(H,0)]" when exposed to gas-phase H,O. This led to us to deter-
mine the extent to which the transition state energy for proton trans-
fer, necessary to create [UO,(OH)]* and neutral CH,4, CH;—CHj, etc,
may influence the competition between reactions 1 and 2.

Structures for the respective minima and transition states for reac-
tions 1 and 2, using species on the reaction coordinate for
[UO,(CH3)]* as representative examples, are provided in Figure 5.

Computed structures for the remaining species are provided in

TABLE 1 Computed free energies and branching ratios for the
reaction of [UO(CH)]", [UO,(CH,CH)]", [UOA(CH=CH,)I", and
[UO,(C¢Hs)]™ with H,O

AG, kJ/mol, B3LYP

Reaction CH3 CH2CH3 CH=CH2 C6H5
[UOL(R)]* + HoO — [UO,(H,0)]"  -73.6 -54.4 -24.7 -4.2
+R
[UO,(R)]* + HoO — [UO,(OH)]" -167.4 -131.8 -1459 -134.3
+ HR
AG, kJ/mol, M06-L
Reaction CH3 CH,CH; CH=CH, C¢Hs
[UOL(R)]* + H,0 — [UO,(H,0)]"  -55.5 -29.8 -2.7 9.4
+-R
[UOL(R)]* + H,O — [UO,(OH)" -177.4 -1229 -1354  -1283
+ HR
AG, kJ/mol, M06-2X
Reaction CH3 CHzCH3 CH=CH2 C6H5
[UOL(R)]* + HoO — [UO,(H,0)]"  -53.0 -27.8 1.0 10.2
+ R
[UOL(R)]* + H,O — [UO,(OH)]* -157.5 -116.2 -128.8 -128.0
+HR
AG, kJ/mol, PBEO
Reaction CH3 CH2CH3 CH=CH2 C6H5
[UOL(R)]* + HoO — [UO,(H,0)]"  -68.5 -40.3 -12.6 1.6
+ R
[UO,(R)]* + HoO — [UO,(OH)]" -168.9 -116.6 -136.3 -130.9
+ HR
Percentage of product yield
Reaction CH3 CH2CH3 CH=CH2 C6H5
[UOL(R)]* + H,0 — [UOL(H,0)" + 100.0 100.0 0.0 0.0
R

[UO,((R)]" + HyO — [UO,(OH)]" + 0.0 0.0 100.0 100.0
HR
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Figures S5 to S7. Electronic energies (EE), zero-point energy-corrected
EEs, and the sum of electron and thermal free energies are provided in
Tables S2 to S5. We note here that one consideration when surveying
potential minima and transition structures was that the [UO4(H,0)]*
species might isomerize to generate the dihydroxide [U(O)(OH),]*
through a proton transfer step (Scheme 1). This specific reaction was
investigated for ThO,, PaO,*, UO,2*, and UO," in detail by Vasiliu et
al*® using coupled-cluster method calculations. In their study, it was
determined that the “physisorbed” H,O adduct ([UO,(H,O)*) is approx-
imately 50 kJ/mol more stable than the “chemisorbed” species ([U(O)
(OH),]"). Moreover, the transition state energy for proton transfer to
create the dihydroxide was computed to lie only 5.43 kJ/mol below
the reactant energy asymptote, and the computed reaction energetics
were in good agreement with experimental investigations of the rates
of axial oxo ligand exchange for the species.***? Because isomerization
appears to be energetically unfavorable for [UO,(H,O)]*, we neglected
the energetics of this step and based our evaluation of the reactivity
of the organometallic species, [UO,(R)]*, on formation either of
[UO4(H,0)]* or [UO,(OH)]* by reaction with H,O.

TSIV

Reaction energy diagrams for generation of [UO,(H,O)]* and
[UO,(OH)I* from [UO,(R)]* computed using the MO06-L functional
are shown in Figure 6. The diagrams constructed from structures com-
puted with the B3LYP, M06-2X, and PBEO functionals are provided in
Figures S8 to S10. Relative free energies for the minima and transition
state structures for all species are provided in Table 2.

Referring to the structures provided in Figure 5, association of
H,0 with [UO,(CH3)]* (structure 1) creates the hydrate II. Direct elim-
ination of CH3 radical from Il leaves [UO,(H,O)]* (structure HI). The
ion-molecule complex IV, created by intracomplex proton transfer, is
created from Il through the transition state structure TS ll— IV. Elim-
ination of CH, leaves [UO,(OH)]* (structure V).

As shown in the reaction energy diagram in Figure 6A, addition of
H,0 to [UO,(CHa3)]* and [UOL(CH,CHa)]" to create structure Il is
computed to be exergonic by approximately 107 and 101 kJ/mol,
respectively. The computed energies for generation of [UO,(H,0)]*
(structure llI) by elimination of CHs or CH,CH5 radical from the
respective hydrates lie 55.5 and 30 kJ/mol below the entrance asymp-

tote and 51.5 and 71 kJ/mol above the energy of structure Il, respec-

¢ o

" & )

:
-

FIGURE 5 Computed structures for minima and transition state for reactions 1 and 2 in the text, using species on the reaction coordinate for
[UO,(CH3)I* as a representative example [Colour figure can be viewed at wileyonlinelibrary.com]

“Physisorbed”

“Chemisorbed”

SCHEME 1 Isomerization of [UO,(H,0)" to
create [UO(OH),]*
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x [UO,(R)(H,0))* AT
A ydrolysis
g -150.0 R=CH, ™ products
R=CH,CH, - -
-200.0 4
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) [UO,(R)(H,0)]* i - Hydrolysis
— | Y products
o B0 R=CH=CH, P
< R=CgHs
-200.0 ,
2500 | [UO,(OH)(RH)]*

Reaction progress —

FIGURE 6 Reaction energy diagrams for (A) reaction of [UO,(CH3)]*
and [UO,(CH,CH3)l* and (B) [UO,(CH=CH,)]" and [UO(C4Hs)]* with
H,O. Relative free energies were calculated using data at the M06-L/
SDD/6-311 + G(d,p) level of theory [Colour figure can be viewed at
wileyonlinelibrary.com]

tively. For both precursor ions, the computed energy for the proton-
transfer transition state (TSII—IV) lies below the reactant asymptote,
78 and 87 kJ/mol above the hydrate structures (ll), and (more impor-
tantly) 26.5 and 15.5 kJ/mol above the energy required to eject either
the CH3 or CH,CHgz radical to leave [UO,(H,0)]* (structure llI),
respectively.

For [UO,(CH=CH)]* and [UO,(C¢Hs)]" (Figure 6B), the calcula-
tions predict that reaction with H,O is also exergonic by 105.5 and
96.1 kJ/mol, respectively. However, for these two precursors, the
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proton transfer transition state energy lies approximately 81 and 61
kJ/mol above the energy of the hydrate (structure Il) but 21.5 and
44.1 kJ/mol below the energies required for direct elimination of the
respective radicals to generate [UO(H,O)]* (structure Ill). We note
also that the relative energy to generate [UO,(H,0)]" by elimination
of CH=CH, or C¢Hs radical is comparable or slightly higher than the
entrance channel (-2.7 and 9.4 kJ/mol for CH=CH, and C¢Hj5 radical,
respectively), which likely reflects the significantly higher electron
affinities compared with those of the CH; and CH,CH5 radicals.

While our intent was not to try to determine absolute reaction
thermochemistry for the respective organouranyl ions, the trends in
computed energies support are consistent with experimental observa-
tions (ie, ejection of neutral radicals versus hydrolysis during reaction
with H,0) and, in particular, support the hypothesis that the transition
state energy for proton transfer influences the competition between
the two pathways. We note that similar trends were observed when
using the B3LYP, PBEO, and M06-2X functionals (Figures S8 to S10),
thus leading to confidence in the match between theory and experi-

ment for these species.

4 | CONCLUSIONS

To summarize, the goals of the present study were (a) to create posi-
tively charged organo-uranyl complexes with general formula
[UO,(R)]" (eg, R=CHs, CH,CHs, etc) by decarboxylation of
[UO,(0,C—R)]* precursors and (b) to identify the pathways by which
the complexes, if formed, dissociate by collisional activation or other-
wise react when exposed to gas-phase H,O. CID of both
[UO,(0,C—CH3)l* and [UO,(0,C—CH,CH3)l* causes H* transfer and
elimination of a ketene to leave [UO,(OH)]*. However, CID of the alk-
oxide species [UO,(OCH,CH3)]" and [UO,(OCH,CH,CHj3)1* produced
[UO,(CH3)]" and [UO,(CH,CH3)I*, respectively. Isolation of
[UO,(CH3)]* and [UO,(CH,CHg)]* for reaction with H,O caused for-
mation of [UO,(H,0)]* by elimination of -CH3 and -CH,CHg: Hydroly-
sis was not observed. CID of the acrylate and benzoate versions of the
complexes, [UO,(0,C—CH=CH,)]* and [UO,(0,C—C¢H5s)]*, caused
decarboxylation to leave [UO,(CH=CH,)]* and [UO,(C¢H5)]*, respec-
tively. These organometallic species react with H,O to produce

TABLE 2 Relative computed Gibbs free energies for minima |, Il, lll, IV, V, and for TSII—1V, calculated relative to sum of reactant species

energies (structure | + H,0)

AG, R=CH, AG, R=CH,CH,

AG, R=CH=CH, AG, R=C¢Hs

MO06-
B3LYP 2X

MO06-

MO06-L PBEO MO0é6-L B3LYP 2X

| 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Il -1074 -111.3 -131.6 -1151 -100.8 -101.4 -121.7

11l -555 -73.6 -530 -658 -298 -544 -27.8

TSIl —- -285 -225 -429 -374 -143 -3.9 -262
v

v -193.2 -184.8 -193.3 -181.3 -160.8 -152.0 -158.2

\% -1774 -167.4 -157.5 -168.9 -122.9 -131.8 -1162

PBEO

MO0é6-
B3LYP 2X

MO0é6-

MO06-L PBEO MO0é6-L B3LYP 2X PBEO

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

-1054 -105.5 -106.8 -129.8 -111.0 -96.1 -1434 -122.6 -104.0
-40.3 -2.7 -247 1.0 -126 9.4 -13.2 10.2 1.6
-209 -242 -278 -39.7 -371 -347 -699 -550 -47.0

-1474 -192.6 -198.9 -2053 -196.5 -220.2 -2334 -250.9 -224.3

-116.6 -1354 -145.9 -128.8 -136.3 -128.3 -138.9 -128.0 -130.9
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[UO,(OH)I*, and loss of the respective radicals to leave [UO,(H,0)]*
was not detected. DFT calculations suggest that the [UO,(OH)]" prod-
uct is energetically favored over the hydrated [UO,]" cation, regard-
less of the precursor species. However, for the [UO5(CH3)]* and
[UOL(CH,CHg)]* precursors, the transition state energy for proton
transfer to generate [UO,(OH)]* and the associated neutral alkanes
is higher than the path involving direct elimination of the organic neu-
tral to form [UO,(H,0O)]". The situation is reversed for the
[UO,(CH=CH,)]* and [UO,(C¢Hs)]* precursors: The transition state
for proton transfer is lower than the energy required for creation of
[UO4(H,0O)]* and elimination of C=CH, or C¢H5 radical.
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