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Abstract

A gas-phase uranyl peroxide dimer supported by three 12-Crown-4 ether (12C4) ligands,
[(UO2)2(02)(12C4)3)]** (A), was prepared by electrospray ionization. Density functional theory (DFT)
indicates a structure with two terminal 12C4 and the third 12C4 bridging the uranium centers. Collision
induced dissociation (CID) of A resulted in elimination of the bridging 12C4 to yield a uranyl peroxide
dimer with two terminal donor ligands, [(12C4)(UO2)(02)(U0,)(12C4)]** (B). Remarkably, CID of B
resulted in elimination of the bridging peroxide concomitant with reduction of U(VI) to U(V) in C,
[(12C4)(UO,)(UO,)(12C4)])*". DFT indicates that in C there is direct interaction between the two UO,",
which can thus be considered as a so-called cation-cation interaction (CCI). This formal CCI, induced
by tetradentate 12C4 ligands, corresponds to destruction of the linear uranyl moieties and creation of
bridging U-O-U oxo-bonds. Based on the structural rearrangement to achieve the structurally extreme
CCI interaction, it is predicted to also be accessible for PaO>", but is less feasible for transuranic

actinyls.
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Introduction

The chemistry of the pentavalent uranyl ion, UO2" or simply U(V), is important for understanding
the behavior of uranium in the environment, wastes, and spent nuclear fuel processing.!> Under most
environmental and process conditions U(V) is unstable relative to U(IV) and U(VI)," ** but U(V) can
be stabilized in the absence of other redox agents, and is furthermore intermediate in U redox processes
such as photocatalysis,’ and photochemical and microbiological reduction of U(VI).6

Coordination of actinide ions by multicoordinate ligands has attracted attention as a route to
unique molecular structures, and for possible utility in environmental and nuclear waste management.””
8 Uranyl, UO,"?* % %719 has received particular attention due to its environmental abundance, and as a
model for heavier actinides. Ligand attributes that might be adjusted for more efficient and controlled
actinide complexation and separations include provision of multi-functionalized electron-donor sites,
variable chelate ring size, and ligand preorganization.!!"'* Beyond potential utility in advanced
separations and other technologies, fundamental exploration of actinide complexation has largely
focused on bonding, and on structural and electronic effects. Among the many type of designed ligands,
multicoordinate macrocyclic O-donors have exhibited particularly enhanced separation efficiencies.®
Crown ethers are model multidentate O-donor ligands that can selectively bind metal ions, usually due
to a size match between the crown cavity and cation.'* As a result, crown ethers have potential for

15-16 particularly via size-specificity.!”?° Gas-phase actinide

actinide partitioning from nuclear waste,
crown ether complexes, including of uranyl, present a means to elucidate factors that affect
complexation and coordination, including geometric effects that may be supported by distinctive
crown geometries.'® 2% In the present work we extend this general line of inquiry from mononuclear
uranyl-crown complexes to dimeric uranyl complexes, with an aim to understand how crown ethers
might act as bridging ligands and support novel bonding motifs such as cation-cation interactions.
Studied here is the smallest simple crown ether, 12-Crown-4 denoted hereafter as 12C4.

The UO;" cation, and other actinyl(V) and actinyl(VI) cations, can coordinate other cations via

their electron-donor O atoms,> 2!

a phenomenon commonly dubbed a cation-cation interaction
(CCI).2-2% In a CCI between two actinyl cations the interionic Coulomb repulsion is offset by attraction
between a negatively charged oxygen atom of one actinyl and the positively charged actinide center of
the other. Although a more elaborate and accurate description of this type of interaction might be as an
“extreme dipole interaction between cationic molecules”, we retain the convenient conventional
terminology of “CCI”, where the quotation marks, as employed by Guillaume et al.,?” emphasize that
the attractive interaction is an actinide-oxygen dipole interaction, not an interaction between bare
atomic cations. CCIs between actinyls are feasible because the net positive charge on the actinyl
provides an exaggerated charge on the actinide metal center, while still retaining a significant negative
charge on the oxygen atoms.?® Because of their potential role in crystal chemistry,?® and in solution
chemistry of penta- and hexavalent uranium,’® CClIs have received considerable attention,’'"*?
including for purported function in disproportionation of U(V).3*-* The uranyl(VI) peroxide dimer,

first reported by Burns et al. in 2005, acts as a building block for nanostructures;**¢ in the



[(UO2)(02)(UO2)]*" dimeric unit, the U(VI) moieties are linked by bridging peroxide.?”° A potential,
but as yet unreported, phenomenon of interest in the context of the present work is formation of a
U(V)-U(V) CCI from direct reduction of U(VI)-U(VI) dimeric moieties such as those reported by
Burns et al.

A central goal of gas-phase chemistry is to investigate phenomena like actinyl CCls at elementary
and fundamental levels, with overarching objectives of enhanced understanding and, ideally, better
control of chemistry in pragmatic scenarios. To explore CCls in gas phase, we adopt a very simple
notion derived from early reports of solution CCls by Sullivan and co-workers as ““a specific interaction
between the oxygenated cations Np(V) and U(VI)”.*° In this vein, a U(V)-U(V) CCI can be considered
as a specific interaction between two UO," moieties. An attribute of a uranyl CCI that derives from
solution behavior, and differentiates CCls from other types of uranyl dimers, is a direct unmediated
bonding interaction between two UYO," and/or UY'0,?" moieties. This attribute is not fulfilled, for
example, in a ligand (L) supported peroxide dimer [(L)(UO2)(O2)(UO2)(L)]**, where the bridging
peroxide interposed between the uranyl(VI) moieties drastically moderates the U(VI)-U(VI)
interaction. The key CCI attribute would be fulfilled in dimer [(L)(UO2)(UO2)(L)]*", where the
bridging peroxide has been eliminated.

General types of actinyl CCls are illustrated in Scheme 1. Even the extreme of essentially
bridging oxygen atoms in structure (d) can reasonably be considered as a CCI because the interacting
moieties are two UO>" with no intervening peroxide or other moiety. Furthermore, cleavage of CCI
dimer (d) in Scheme 1 would result in two mononuclear uranyl(V), UO:". According to this
classification, a CCI is characterized by the general nature of the cation-cation interaction, rather than
by retention of two intact uranyl moieties. As is the case for a solution CCI, a gas-phase CCI can be
facilitated by secondary coordinating ligands that serve to stabilize the overall system. It is the direct
(UO2")-(UO2") interaction in all four scenarios in Scheme 1 that is the key attribute of a CCI. The
significance of potential structurally extreme CClIs such as structure (d) in Scheme 1 derives from
interest in understanding how to generally create and control such distinctive bonding motifs—
conventional CCls such as structures (a) and (b) should be elucidated by structures such as (c) and (d)
that involve progressively more extreme distortions of the actinyl subunits. It should be remarked that
structures (a) to (d) are shown for illustration, and there is actually a continuum of CClIs between these
extremes, which is an appealing aspect of probing to the extent possible across the entire range of CCls.

We here report gas-phase complexes of uranyl peroxide dimers with various degrees of coordination
by 12C4 ligands, and also a mnovel [UO,"UO>] CCI The starting complex
[(UO2)(02)(UO2)(12C4)3]*" was prepared by electrospray ionization (ESI), and derivative ions were
then prepared by collision induced dissociation (CID). The CID products are not coordinatively
saturated and thus exhibit spontaneous water addition. Density functional theory (DFT) and ab initio
wavefunction methods provide geometric parameters and bonding properties, including evidence for
a uranyl(VI) peroxide dimer coordinated by three 12C4, and an extreme uranyl(V) CCI formed by
elimination of the bridging peroxide unit.



Experimental Methods

The formation of gas-phase uranyl-12C4 complexes by ESI and CID, and their water-addition
chemistry, was studied using an Agilent 6340 quadrupole ion trap mass spectrometer (QIT/MS).*!
The general approach has been described elsewhere, including for studies of hydration of uranyl-crown
complexes.* [(UO2)(02)(UO,)(12C4)3]*" was produced by ESI of a solution of ~100 uM uranyl

chloride and ~400 uM 12C4 (Sigma-Aldrich =98%) in moist ethanol (<10% water). lons were

isolated and subjected to CID, whereby they are excited and undergo multiple energetic collisions with
helium to induce dissociation. The applied CID voltage is an instrumental parameter that does not
provide an absolute excitation energy, but higher voltage does indicate greater relative energy. As
discussed elsewhere, the background H>O and O> pressures in the ion trap are estimated to be on the
order of 1076 Torr, while the helium buffer gas pressure is ~10~* Torr.*! Other reagent gases such as
acetonitrile can be introduced into the ion trap at pressures comparable to that of background gases.
Mass spectra were acquired using the following instrumental parameters: solution flow rate, 60 pL
min’!; nebulizer gas pressure, 15 psi; capillary voltage, -3500 V; end plate voltage offset, =500 V; dry
gas flow rate, 5 L/min; dry gas temperature, 325 °C; capillary exit, 132.6 V; skimmer, 40.0 V; octopole
1 and 2 dc, 12.0 and 1.70 V; octopole RF amplitude, 195.0 Vpp; lens 1 and 2, —5.0 and —60.0 V; trap

drive, 62.3. High-purity N> for nebulization and drying was boil oftf vapor from a liquid nitrogen Dewar.

Computational Methods

Quantum chemical calculations were performed at the level of DFT with scalar relativistic
corrections using computational chemistry software packages Gaussian 09* and ADF 2016.%4 In
initial searching for the most stable isomer, the generalized gradient approximation (GGA) with the
PBE functional was used.*® To balance between accuracy and time cost of the calculations, in ADF we
applied the frozen core approximation for [1s2-5d!°] of the U atom, and for C and O atoms a frozen
[1s?] shell and Slater-type basis sets of valence triple-zeta plus two polarization functions (TZ2P)
quality.*”*® Relativistic effects were accounted for using the scalar relativistic (SR) zero-order-regular
approximation (ZORA).* Owing to small polarizability and strong correlation of the inner contracted
U(51) shell, geometry optimizations and vibrational frequency analyses were further performed with
B3LYP%! hybrid density functional using Gaussian 09. The scalar-relativistic Stuttgart energy-
consistent pseudopotential with 32-valence-electrons and the associated ECP60MWB_SEG valence

basis set>>

were used for U, and Dunning’s correlation consistent all-electron basis sets with polarized
triple-zeta (cc-pVTZ)>* were used for O, C and H. This methodology has been successfully applied to
other actinide systems.!” Geometry optimizations were performed without symmetry restrictions and
were followed by vibrational frequency analysis to assign optimized structures as local minima or
saddle points. Reaction energies were obtained by combining electronic energies with zero-point
vibrational energy corrections. Scaling of coupled cluster methods including dynamic electron

correlation, DLPNO-CCSD(T) with DKH-def2-TZVP(U): def2-SVP(C,H,O) basis sets were
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performed using the Orca 4.01 program.>* These single-point calculations were performed on the
optimized B3LYP geometries. The relative energies confirmed essential results from B3LYP, with
reasonable energy deviations for different methods and basis sets.>

In further electronic structure calculations on the B3LYP optimized structures, the B3LYP
functional with ADF was used in conjunction with Slater type orbitals (STOs) of the quality of triple-
zeta plus two polarization functions (TZ2P). Energy decomposition analyses (EDA) and combined
Extended Transition State with the Natural Orbitals for Chemical Valence (EDA-NOCYV) theory were
used to assess orbital contributions to total bonding energies.’®>° Electron localization functions
(ELF)® were determined based on the PBE results from ADF. Bond order analyses were performed
based on the Mayer method (BOmayer),’! the Gopinathan-Jug indices (BOcy)®?, and the Nalewajski-
Mrozek method (BOnwm)*® ©. Charge analyses are based on Mulliken method,* Hirshfeld analysis,®
Voronoi deformation density,* and Multipole derived charges (MDC)®’. The Weinhold’s natural bond
orbitals (NBO)®® and natural localized molecular orbitals (NLMOs)® analyses were performed at the
B3LYP/6-31¢g level using the NBO 6.0 program.’® In all calculations there was no evaluation of effects

of spin-orbit coupling, which is not expected to substantially affect the essential conclusions.

Results and Discussion
ESI and CID Synthesis of Uranyl-12C4 Dimer Complexes

The mass spectrum obtained for ESI of a solution of UO>Cl»:12C4 (1:4 in ethanol / <10% water)
was reported previously?? and is shown in Figure S1. The previous focus was on complexes of one
uranyl coordinated by 12C4. The peak at 550 m/z corresponds to dimer [(UO2)(02)(UO2)(12C4)3]*,
denoted A; the composition and charge of A was confirmed by CID described below. We initially
presumed that A consists of two uranyl moieties linked by a bridging peroxide, in analogy with
previously reported [(DMA)-(UO,)-(02)-(UO2)-(DMA)]** where terminal donor ligands DMA are
2,2 -trifluoroethylazanediyl-bis-N,N” -dimethylactamide.”! ~ We  tentatively = postulate  that
[(12C4)(UO2)(02)(UO2)(12C4)]** should correspond to replacement of the terminal DMA by 12C4,
which begs consideration as to the disposition of the third 12C4 ligand in A. If two terminal 12C4
coordinate to uranyls linked by a peroxide, what is the situation of the “extra” 12C4? Does it somehow
bridge and bind to both uranyls? The appearance of seemingly peculiar A motivated the integrated
experiment and theory inquiry reported here.

The mass spectrum obtained for CID of A, shown in Figure 1, reveals dominant dipositive
products [(UO2)2(02)(12C4),]*", denoted as B, and [(UO2)2(12C4).]*", denoted as C. That B is
intermediate from A to C was confirmed by secondary CID of B, which yielded primarily C, as shown
in Figure 2. The two key reactions inferred from the CID results are thus (1) and (2).

[(UO2)2(02)(12C4)3]*" (A) = [(UO2)2(02)(12C4)17 (B) + 12C4 (D)

[(UO2)2(02)(12C4)2]* (B) > [(UO2)2(12C4n]* (C) + 02 (2)

Spontaneous Water Addition to B and C



Adventitious background gases in the ion trap include H>O and O, both of which can potentially
react with cations such as uranyl.*! Addition of H,O to a generic metal oxide cation XO"" (n =1 or 2)
can proceed by non-dissociative physisorption to yield a hydrate, XO""(H,0), or dissociative
chemisorption to yield a hydroxide, X(OH),"*. Water addition to dipositive cations like B and C results
in the appearance of peaks at +9 m/z in CID spectra, such as in Figures 1 and 2. The peaks identified
at +18 m/z could result from addition of two H>O to dipositive B or C, or addition of one water to
monopositive ions having the same m/z. In particular, [(UO2)(0)(12C4)]" has the same m/z as B, and
[(UO2)(12C4)]" the same m/z as C. The CID spectra in Figures 2 and 3 reveal water addition, with
A(m/z) = +9 indicating dipositive B and C.

Water-addition reactions of B and C were studied in more detail by isolating ions with appropriate
m/z, followed by applying reaction time ta, that is the additional time after the fixed intrinsic ion
isolation period of ~0.05 s. In contrast to energetic CID, these conditions correspond to an ion-molecule
reaction temperature of ~300 K,> such that bimolecular reactions must be exothermic (or
thermoneutral) and not have kinetic barriers above the reactant energy asymptote.

Based on the following considerations, the reaction results in Figure 3 demonstrate that species at
462 m/z is predominantly dipositive B, possibly with some contribution from monopositive
[(UO2)(0)(12C4)]". Whereas peak a at A(m/z) = +9 must be due to addition of an H,O molecule to B,
b at A(m/z) = +18 could be due to addition of two H>O to B and/or one H,O to [(UO2)(0)(12C4)]".
The time evolution of peak intensities reveals b as predominantly from B. Specifically, increasing tap
from 0 s to 0.1 s resulted in minor change in the relative intensity of peak a but a significant increase
in b. If both @ and b were due to addition of one water, to B and [(UO2)(0)(12C4)]" respectively, the
intensities of both should increase in parallel. Instead, near invariance of a concomitant with
increasingly abundant b indicates addition of two H>O, to yield sequentially @ and then b. A minor
contribution from [(UO2)(0)(12C4)]" cannot be excluded.

The results in Figure 4 provide an assessment of contributions from dipositive C and monopositive
[(UO2)(12C4)]", both 446 m/z. The appearance of peak ¢ A(m/z) = +9 indicates C; abundant d suggests
a significant contribution from water-addition to [(UO2)(12C4)]". At the longer reaction time (tap = 0.1
s), additional product e indicates O addition to monopositive [(UO2)(12C4)]"; f corresponds to
addition of H,O to e. From previous results,*"* ™ we suppose that addition of O, to [(UO2)(12C4)]"
yields a U(VI) superoxide. Reaction of C with acetonitrile in the ion trap (Figure S3) suggest sequential
addition of two CH3CN to C, with a contribution from [(UO2)(12C4)]*. The aggregate results in
Figures 4 and S3 indicate that the peak at 446 m/z is a mixture of C and [(UO2)(12C4)]".

The above results demonstrate that B and C spontaneously and exothermically react with water to
sequentially associate with H>O, reactions (3)-(6); (6) is not definitively established due to a significant
contribution from [(UO2)(12C4)]". Reactions (3)-(6) do not reveal whether the process is physisorption
to yield a hydrate or chemisorption to yield a hydroxide. Reactivity with acetonitrile, Figures S3 and
S5, reveals that B and C similarly add acetonitrile. Because dissociation of CH3CN is not feasible in

these experiments, the products are assigned as physisorption adducts. The acetonitrile results do not



definitively illuminate water association because dissociation of water is more accessible. To further

address the nature of the dimers we turn to quantum electronic structure calculations.

B+H,O - B.HO 3)
B.H,0+H,0 > B.2H:0 (4)
C+H,0 > CHO (5)
CHO+H,0 > C.2H:0 (6)

Structure of [(UO2)2(02)(12C4)3]** (A): 12C4 Ligands as Both Terminal and Bridging

As geometries optimized with density functionals PBE and B3LYP are similar, only the latter are
presented. Single-point energies of the most stable structures were determined at the ab initio DLPNO-
CCSD(T) level using optimized B3LYP geometries. Reaction energies are in Table 1; formation
energies for the lowest energy structures are in Table 2. Geometric parameters for A, B and C and
hydrates are in Table 3; B3LYP structures and energies of ground-state (GS) species are detailed in SI.
GS structures for A, B and C are shown in Figure 5. In the following discussion we identify oxygen
atoms as: O = 12C4 ligand-based; Oy1 = uranyl (Oy=U=0y1); Oy = bridging (U-O »-U); O = terminal
(U=0y); Ow = water (H2OwU).

Low-energy structures and energies of [(UO2)2(02)(12C4)3]*" are shown in SI Tables S2 and S3.
[(UO2)2(02)(12C4)3)*" GS isomer A, also in Figure 5, is characterized by a [(UO2)(02)(UO2)]*" core
coordinated by three 12C4. The energy for association of [(UO2)(02)(UO,)]*" with two 12C4 is -231
kcal/mol (Table 2, B3LYP). The reported structure for [UO2(12C4),]*>" has side-on equatorial
coordination of U by six Or. In contrast, [(UO2)2(02)(12C4)3]*" has both U penta-coordinated in the
quasi-equatorial plane, by three Or from 12C4 and two Oy from the bridging peroxide. Two 12C4
exhibit bidentate coordination with U-Or distances of ~2.5 A, with other U-Or. distances >3.9 A. The
third 12C4 binds side-on in the equatorial uranyl plane with an OL coordinating to both U with U-Or
distances of ~2.5 A. The structure of A in Figure 5 is characterized by two “bridges” between the
uranyl centers: the peroxide moiety forms a typical “direct” bridge between the two U; the 12C4 bridge
1s more distinctive in forming a “London Bridge” structure, as an oxygen-anchored tower that links
the two U.

In contrast to bare [(UO2)(02)(UO2)]** (Table 3), this same moiety embedded in A has a non-
planar structure with a U1-(OpOp)-U2 dihedral angle of ca. 49°, where this angle is that defined by the
two U atoms and the two Op atoms (0° would be planar). As a result of coordination of the uranyl
moieties in A the U-Oyi bond lengths are elongated relative to the bare dimer, from ~1.72 to ~1.76 A.
The O,UOy; angle is ~172° in [(UO2)(02)(UO2)]** and ~174° in A. Due to ligand charge donation,”®
the uranyl vi symmetric stretch mode of A is red-shifted to 981 cm™!, from 1063 cm™ for unligated
[(UO2)(02)(UO2)]*.

Structure of [(U02)2(02)(12C4),]** (B): A “Conventional” Uranyl Peroxide Dimer
CID of [(UO2)2(02)(12C4)3]*" (A) resulted in [(UO2)2(02)(12C4)2]*" (B). Elimination of one 12C4

7



from A to yield B, CID reaction (1), requires 57 kcal/mol. The GS structure of B in C> symmetry,
shown in Figure 5, has a central uranyl peroxide dimer as in A, with terminal tetradentate 12C4 ligands
and U-O bond distances of 2.7-2.9 A that are typical dative U-O bond distances.*! Removal of the
“London-Bridge” 12C4 from A enables better coordination by the remaining 12C4 in B. The OyUOy;
moiety in B is bent from linearity to 154.1°, though the U-Oy distances of ~1.76 A are typical of uranyl.
The uranyl vi of ca. 971 cm™! is slightly red-shifted from that of A, 981 cm!, suggesting more charge
donation from two 12C4 in B versus three in A.7*

Spontaneous water addition to B occurs by reactions (3) and (4). From energies and structures in
Table S5 it is apparent that in trans-[(12C4)(UO2)(02)(UO2)(12C4)(H20)2]*" isomer, trans-B.2H:0,
the two exposed uranyl sites are hydrated. The cis-B.2H>O structure has more steric repulsion between
12C4 ligands and is ca. 6 kcal/mol higher energy. Like the sandwich structure of [UO2(12C4),]*","
trans-B.2H>0 has two highly coordinated uranium centers. Dissociative chemisorption of two H2O to
B is computed to yield a higher energy hydroxide, as detailed in Table S5.

Hydration of the two uranyl centers in B.2H>O induces U-Oy bond elongations of only ca. 0.002
A. Notably, addition of two waters to B results in a blue-shift of the uranyl vi mode by ~ 3 cm™! to 974
cm’! in B.2H>O. This small shift suggests diminished net charge donation upon hydration, which can
be attributed to a change from tetradentate to tridentate 12C4 coordination. In B.2H>O both U centers
have three U-Or dative bonds with bond distances less than 3 A. In both B and B.2H>O the quasi-
equatorial uranyl coordination is limited to six due to steric constraints.

The energies for reactions 3 and 4 are nearly the same, to within 1 kcal/mol (Table 1). This
contrasts to addition of water to UO»", for which the second hydration is ca. 4 kcal/mol less exothermic
than the first.*! Sequential water addition to monomeric uranyl becomes decreasingly favorable as
donor atoms reduce the charge on uranium. In contrast, sequential addition of two waters to B occurs
at separated U(VI) such that the binding of the second is minimally affected by the first, which results
in comparable first and second hydration energies.

Binding of 12C4 to A and B was investigated using chemical bonding analyses. Results in Table
S9 for energy decomposition analysis (EDA) based on Kohn-Sham canonical molecular orbitals
(CMOs) show significant energy contributions to U-12C4 bonding from both electrostatic and orbital
(covalent) interactions. From EDA and EDA-NOCYV, the covalent character in A can be understood in
terms of 12 dominant density deformation channels, Api(r) to Api2(r), which arise from ligand-to-metal
donation (Table S9, Figure S6); these interactions provide total stabilization of —213.82 kcal/mol. The
covalent interaction between [(UO2)(02)(UO2)]*" and two 12C4 ligands in B is deconvoluted into
dominant channels Api(r) (k= 1, 2, ..., 10), with respective orbital energetic stabilizations (kcal/mol)
of —14.18, —13.69, —14.09, —14.04, —8.65, —7.94, —9.42, —9.42, —5.37 and —5.53. The total interaction
energy yields 69 kcal/mol for cleavage of a 12C4 ligand from A, which is similar to the energy for
reaction (1) (57 kcal/mol). Atomic charge analysis gives an average charge of -0.49 on O in B, versus
-0.45 on O in A.



Structure of [(UO2)2(12C4)2]** (C): A “Cation-Cation” Interaction

CID of B resulted in loss of O to yield C, which we tentatively designate as
[(12C4)(UO,)(UO,)(12C4)]*". Although it is tempting to speculate that the eliminated O, is the
bridging dioxo moiety, there is no mechanistic evidence for this. The following discussion reveals that
representation of C as a uranyl dimer is a gross oversimplification. The computed energy for
conversion of B to C via CID reaction (2) is 68 kcal/mol. Addition of one and two waters to C, reactions
(5) and (6), is exothermic by 14 and 18 kcal/mol, respectively

The valence electronic configuration of C based on the singly occupied molecular orbital (SOMO)
is U(5f")-U(51"), indicating that both are U(V) as inferred from chemical composition. The structure
of C corresponds to elimination of Oz from B to yield a (UO2)>" core. The short U-O; bond lengths in
C of 1.804 A are similar to other complexes of pentavalent U. In C one O atom yields a nearly linear
O1-U-O (angle = 169°) but the U-Oy. distance of 2.57 A is characteristic of a dative bond and is only
slightly shorter than other U-Or (2.63-2.72 A). The U-Oy bond lengths in C, 2.11 A, are shorter than
in A and B (2.28-2.37 A), and the O,-Oy distance in C, 2.50 A, is much longer than in A and B (1.46
A). The distances in C indicate absence of an Op-Op bond, and a U(V)-U(V) interaction that is an
unusual CCI in which the uranyl moieties have been essentially destroyed (Schemes 1d and 2). The U-
U distance in C, 3.39 A, is shorter than in A (4.24 A) and B (4.36 A). A key difference between the
[(UO2)(02)(UO,)]*" moieties in A and B, versus [(UO2)2]*" in C , is the deviation from quasi-linear
0,1UOy1 in A (174°) and B (154°), to extremely bent O{UOy in C (102°). The vibrational mode that
corresponds to the uranyl vi symmetric stretch mode in C is at 881 cm™ which is ~100 cm™! lower
energy than v1 in A and B, and is similar to that reported for uranyl(V).>*

To evaluate magnetic properties of C, two configurations of the [(UO2)2]** core were considered:
high-spin (HS-C) triplet (S = 1) with ferromagnetic f*—f* coupling, and unrestricted broken-symmetry
(BS-C) singlet (S = 0) with antiferromagnetic f*~f? coupling. The B3LYP and PBE optimized
structures of BS-C are identical to those of HS-C (Table S6). HS-C is computed to be only 0.01
kcal/mol (ca. 4 cm™) higher energy than BS-C, indicating minimal magnetic coupling. The exchange
coupling constant J between the two U(V) is estimated as 6.9 cm™ from the following:”> J = (Eps —
Ens)/(<S%>ps - <S*>ps), where Egs — Ens is the energy difference between HS and BS, and <S?>ys and
<S§%>ps are the mean values of the S? spin operators. The frontier MO diagrams for HS-C and BS-C
are the same, except for the highest occupied MOs. For HS-C (Figure 6), the two o SOMO and SOMO-
1 are localized on the two U(V) spin centers, bearing ferromagnetic 5f'—5f! character. Similarly, one
pair of antiferromagnetic spin HOMO-a and HOMO-f molecular levels are distinguished for the BS
state. The uranium 5f orbital percentages of these MOs are: 93.1% for SOMO and 95.5% for SOMO—-1
in HS-C, and 95.2% for HOMO-a and 95.1% for HOMO-J in BS-C. Consequently, these MOs exhibit
negligible magnetic coupling between U(V) centers.

In GS C.H20 the Oy binds side-on to the U(V) center as shown in Table S7; this structure is 5
kcal/mol lower energy than with Oy binding top-on. The hydroxide isomers are higher energy, by 4.6
and 11.5 kcal/mol for C.H>O and C.2H>O, respectively. Products of reactions (5) and (6) are thus
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assigned as hydrates rather than hydroxides. Addition of H>O to C elongates the U-Oyi bond length,
with concomitant red-shifting of the uranyl v; vibrational mode to ca. 852 cm™, indicating U-Oyi bond
weakening upon hydration.

The energies for reactions (5) and (6) in Table 1 suggest that hydration of C is more exothermic
for the second versus the first water molecule, which is the opposite of the trend for bare uranyl(V).*!
Although the energy difference between the first and second hydrations of C is modest (1.7 kcal/mol
at PBE; 3.7 kcal/mol at B3LYP), it is considered outside of computational error. A more substantial
energy difference is apparent for hydration of B versus C, with the former ~10 kcal/mol more
exothermic, a trend reported for bare uranyl(VI) and uranyl(V). However, both the hydration energies,
-68.4 kcal/mol for UO>?" and -36.1 kcal/mol for UO,", and the difference between them (~32 kcal/mol)
are greater for bare uranyl compared with B and C.”® As reported for other uranyl complexes,*! donor
ligands such as 12C4 in B and C decrease the effective charge on the uranium center, which decreases

electrostatic interaction with coordinating waters.

Elaborating the “Cation-Cation” Interaction in [(UO2)2(12C4)2]** (C)

A particularly remarkable result is CID elimination of Oz from bridging-peroxide dimer B to yield
C. This contrasts with previous results for CID of uranyl(VI) peroxide complex
[(DMA)(UO2)(02)(UO,)(DMA)J** (DMA is defined above) to yield U(V) complex [(DMA)UO2)]*
and U(VI) superoxide [(DMA)(UO2)(02)]".”! Our calculations indicate that conversion of B gives C
occurs with reduction of both U(VI) to U(V). Reaction (2) can be formulated as (2°) in which the
bridging O: is eliminated while retaining the +2 charge and dimeric structure, by creating a direct
unmediated CCI interaction between two U(V) moieties. In reaction (2)/(2”), the U(VI) are reduced to
U(V) while O,% is oxidized to Oa. It should be noted that there is no mechanistic evidence that the
eliminated Oz is the bridging peroxide; only the net reaction is definitively established.

[(12C4)(UO2H)(02)(U02>M)(12C4)] (B) = [(12C4)(UO)UO02H)(12C4)]+ 02 (C) )

In Scheme 1 are simplified structures for CCls between two U(V) moieties. Structures (a) and (b)
are typical condensed phase CCIs.?> "7 Structure (c) is a cis-dioxido uranyl configuration as alleged to
form in a coordination polymer,’® a claim that has been disputed.’ In structure (d) the uranyl moieties
have been disrupted to such an extent—actually destroyed—that a better description is two terminal

80-81 such

U=0linked by two bridging Oyp. Although O-atom bridging of intact uranyls is well known,
uranyl destruction is not. The structural parameters for C indicate a core as in (d), though with both U
also coordinated by a 12C4. The U=0 distances in C, 1.80 A at the B3LYP level (1.827 A at PBE),
are consistent with typical U=Oy; distances, and the U-Oy distances, 2.11 A, are similar to typical U-O
single bond distances, such as terminal U-OH*! and bridging U-Oy-U."!

The basis for the semi-empirical bond-valence approach to estimating oxidation states was
described 90 years ago by Pauling,®? and subsequently elaborated by Brown.®*% Like other such sound
and persistent models, bond-valence is necessarily somewhat qualitative but has proved sufficiently

valid that it remains relevant. Although developed in the context of extended solids, the method is also
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applicable to molecules.®® The bond-valence approach is employed here to evaluate U-O bonds in C
using the B3LYP bond distances (Table S6), a U-O bond valence parameter of 2.10 A,%” and universal
constant B =0.37 A8 This assessment provides the following bond valences in C: 2.23 for U-Oy; 0.97
for both U-Op; and 0.28, 0.24, 0.22 and 0.19 for the four U-OL. Notably, the sum of these bond valences
provides an oxidation states of 5.1 for both U in C. The remarkably good agreement of this assessment
with the assignment as U(V) may be somewhat fortuitous, but is nonetheless notable.

To assess the role of 12C4 in inducing the extreme CCI in C we consider reactions 7 and 8 for
formation of a U(V) CCI with and without terminal 12C4. The computed energy (kcal/mol) for reaction
(7)is -18.1 at PBE level and -21.1 at B3LYP; that for (8) is 35.6 at PBE and 46.4 at B3LYP.

2[(12C4)(UO2YH] = [(12C4)(UO2") (U0 (12C4)] (C) (7)

2(U02") = [(UO")(UO2M] (8)

Referring to the structures in Scheme 1, in distinct contrast to (d) found in C, the most stable bare CCI
product of reaction (8) is side-on structure (b). Peterson and co-workers reported coupled cluster
computations for gas-phase actinyl CCls, including an energy of 40.3 kcal/mol for reaction (8); the T-
shaped structure (a) was also computed there and found to be 9.9 kcal/mol less stable.’® Both the
previous and the present results indicate that the bare U(V)-U(V) CClI is inherently unstable towards
Coulomb dissociation. Our results for reaction (7) reveal that coordinating 12C4 ligands induce the
extreme CCI structure (d) in C, which, unlike bare U(V)-U(V), is thermodynamically stable. The
structure of [(UO2)(12C4)]" in Scheme 2 reveals that 4-coordinate 12C4 ligands distort the OyUOy;
moiety from linear to 144°. Fusion of two [(UO2)(12C4)]" yield C results in a more radical deviation
from linear, to 102°, with conversion of two of the U=0y; to U-Oy, and the other two to U=0y. The
structure and stability of C is attributed to strong U-Or bonding, which are minimally disrupted in
reaction (7). In C, both uranium centers are 7-coordinate with one U=O; double bond, two U-Oy single
bonds, and four U-OL dative bonds. It is evidently favorable to maintain such high U coordination, at
the expense of destruction of the Oy1UOy moiety.

Structure (b) in Scheme 1, which appears for bare [(UO>")(UO,")], has two intact Oy;UOyi moieties,
while in C they are converted to structure (d) with bridge-linked [O=U(-Ob)2]". Considering the
cleaved and created bonds, transition of (b) to (d) is comparable to isomerization of hydrated actinyl,
(H,0)(AnO,"), to hydroxide [O=An(OH),]".”% *° Energies for these hydrolytic isomerizations,
AH(hydrol), have been reported as follows (in kcal/mol):" 0 for An = Pa; 12 for An = U; 21 for An =
Np; 28 for An = Pu; 36 for An = Am. Hydrolytic conversion of an An=0y; to two An-OH is analogous
to transformation of CCI structure (b) to (d) (Scheme 1). Thus, PaO," is predicted to be most prone to
disruption of (b) to yield C, with AmO," less prone by ~36 kcal/mol relative to PaO,"; C and related
structures should be most stable for PaO," and least so for AmO,".

Conclusions

Multidentate O-donor ligand 12C4 yields new bonding motifs and structures in gas-phase uranyl
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dimers. [(UO2)2(02)(12C4)3]*" (A) consists of two U(VI) coordinated by a terminal 12C4 and linked
by a peroxide. The third “extra” 12C4 ligand in A forms an O-anchored “London Bridge” between the
U centers; elimination of this bridging 12C4 requires 56 kcal/mol and yields conventional U(VI)
peroxide dimer [(UO2)2(02)(12C4)2]** (B). Elimination of the bridging O» from B yields
[(UO2)2(12C4)2]** (C), concomitant with reduction of U(VI) to U(V). In C the uranyl moieties have
been destroyed in an extreme U(V) CCI, with two Oy converted to bridging, U-O,-U. Because
transformation of B to C is essentially similar to isomerization of the molecular hydrate (H-O)UO:" to
hydroxide OU(OH),", we predict that an An(V) CCI like in C should also be accessible for Pa(V), but
not for Am(V). Notably, it is not the absolute strength of the disrupted actinyl bonds in an Oy=An=0y;
moiety that governs the ease of transformation to An-Oy single bonds, but rather the difference in the
energies of the An=0y; versus An-Oy bonds.

As complex A was produced in high abundance by ESI, it is tempting to speculate that it may exist
in solution. A major caveat to any such interpretation is that the ESI path from solution to gas is
sufficiently perturbing that coalescence of two monomers into a dimer with an inter-uranyl 12C4 bridge
could occur as a result of desolvation. Spectroscopic evidence would be needed to directly identify
species A in solution. Given that A may not be an important aqueous solution species due to
competition for coordination of the uranium centers by solvent molecules like water, rather than by
12C4, a general approach for promoting formation of A in solution would be to employ a weakly
coordinating solvent.

In addition to demonstrating a novel U(V) CCI, the coordination chemistry in C may ultimately
guide bulk synthesis of such bonding motifs. In this regard it should be noted that the binding energy
between two [(12C4)(UO2")], only ~21 kcal/mol, is likely insufficient to induce such disruption of
uranyl moieties in condensed phase. Given that the multidentate 12C4 oxygen donor ligands
substantially stabilize C—relative to a CCI between bare UO> —more strongly binding ligands might
further facilitate such structurally extreme CCls. Structure C for actinyls in general is feasible if the
energy to destroy the Oy=An=0y moiety is offset by the energy for formation of the two resultant U-
Oy bonds, a compensation that would be enhanced by destabilizing the parent actinyl moiety and/or
stabilizing the bridged oxo product. Robust and sterically demanding multidentate coordination by
12C4 destabilizes the actinyl motif, as revealed by a substantial deviation from linearity in
mononuclear (12C4)UO,". Other more strongly chelating ligands might destabilize the actinyl
structure even more, thereby supporting formation of an oxo-bridging CCI as in C. Another strategy
for disrupting an actinyl moiety is by anion coordination, such as for example by a carboxylate RCOO"
in mononuclear [(L)(RCOO)AnY'0,]", where L denotes a supporting neutral ligand(s). If the actinyl is
sufficiently disturbed, coalescence of two such monocations could yield oxo-bridged An(VI) CCI
[(L)Y(RCOO)(AnY'02)(An"'0,)(RCOO)(L)]*.

Supporting Information
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Scheme 1. Possible types of cation-cation interaction between two UO;".
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Scheme 2. Computed uranyl(V) CCI structures and energies. Top: Endothermic association of bare UO,". Bottom:

Exothermic association of 12C4-coordinated UO,*. Bond distances are in A and angles in degrees.

Table 1. Energy for reactions (1) to (9).?

Reaction AHpge AHgaLyp AHprpno-cesp(T)

) 44.4 56.5 85.8
2)(2") 39.6 68.4 97.5

3) 217 256 -39.9

(4) -20.7 -25.2 -38.3

) 12,8 -14.4 275

(6) 145 181 204

@) -18.1 211 23.2

®) 35.6 46.4 41.0

In kcal/mol, using Gaussian B3LYP/ECP60MWB_SEG(U):cc-pVTZ (C, H, O), ADF PBE/TZ2P and Orca DLPNO-
CCSD(T)/DKH-def2-TZVP(U):def2-SVP(C,H,0).
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Table 2. Energies for addition of 12C4 and H»O to yield ground-state (GS) adducts.?

Species Config./GS PBE B3LYP DLPNO-CCSD(T)

Ab /1A -223.8 -231.4 -289.5

B /1A -179.4 -174.9 -203.7

cd fifPA -206.1 -205.9 -207.5
B.H,0° 1A -201.1 -200.5 -243.6
B.2H,0° 1A -221.7 -225.7 -282.0
C.H,0¢ f1FL2A -219.0 -220.4 -234.9
C.2H,0¢ f1FL2A -233.4 -238.5 -255.4

n kcal/mol, with zero-point correction, using ADF PBE/TZ2P, Gaussian B3LYP/ECP60MWB_SEG(U):cc-pVTZ
(C, H, O) and Orca DLPNO-CCSD(T)/DKH-def2-TZVP(U):def2-SVP(C,H,0)

b Energy for reaction: 3*12C4 + (UO,).02>" — A

¢ Energy for reaction: 2*12C4 + (UQO,)202*" + n H,O — B (n=0); B.H,0 (n=1); B.2H,0 (n=2)

4 Energy for reaction: 2*12C4 + [U204]*" + n H,0 — C (n=0); C.H,0 (n=1); C.2H>0 (n=2)
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Table 3. Average bond lengths (A) and angles (degree) and Oy-U-Oy; vibrational stretching frequencies (cm'!,

intensity in parentheses) for GS species.?

Species®  |[(UO2)20,]* A B C B.H.0O B.2H,0 C.H0O C.2H,0
Symmetry Deh C: C: C C: C Ci Cs
U1-Oyi(Oy) 1.722 1.758 1.756 1.804 1.757 1.758 1.815 1.885
U2-Oyi(Oy) 1.722 1.759 1.756 1.804 1.756 1.758 1.812 1.885
U1-Op 2.301 2.328 2.323 2.110 2.349 2.327 2.131 2.319
U2-Op 2.301 2.334 2.323 2.110 2.306 2.327 2.102 2.317
Op-Op 1.460 1.455 1.460 2.508 1.456 1.457 2.504 2.532
Ul-u2 4.364 4.242 4.355 3.394 4.262 4,281 3.412 3.468
U1l-Opy 2.538 2.775 2.645 2.834 2.860 2.690 2.772
U2-Or2 2.542 2.775 2.645 2.798 2.860 2.662 2.775
U1-Os 2.542
U2-Oy3 2.503
U1-Ow 2.500 2.502 2.599 2.557
U2-Oy 2.502 2.561
Z0yUOy; 171.9 173.8 154.1 157.7 161.0
Z0yU0y
(LOUOY) 93.8 92.1 89.1 102.5 88.4 88.8 1141 143.2
Z0,U0y 83.0 83.1 76.0 79.4
ZU1U20600 0.0 48.8 26.8 0.0 40.2 39.0 2.7 0.8
V3 1056.1(0) | 970.5(43) | 961.8(13) | 882.5(0) | 961.3(66) | 962.5(17) | 846.8(87) | 851.0(30)
Vi 1062.6(490) [980.9(278)|970.8(422)| 881.2(202) | 975.1(384) | 974.4(47) | 852.0(321) | 851.4(300)

2 Using Gaussian B3ALYP/ECP60MWB_SEG(U):cc-pVTZ (C, H, O); details are listed in Tables S1, S4, S5 and S6.
b L denotes 12C4. Oy denotes terminal U=0y
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Figure 1. CID mass spectrum of A (m/z=550 (0.45V CID; higher m/z products are in Fig. S2). Water addition to
CID products yields peaks at +9 m/z for [(UO2)2(12C4):]*" and [(UO2)2(02)(12C4):]**, and at +18 m/z for
[(UO2(OH)(12C4)]*. Formulations do not imply structures.
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Figure 2. Secondary CID mass spectrum of B (m/z= 462; 0.35 V CID) produced by primary CID of A (Fig. 2).
Dominant CID product [(UO2)2(12C4):]** (same m/z as [(UO2)(12C4)]") results from loss of O2. Both B and its
CID product C sequentially add two H>O (+9 m/z for each).
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Figure 3. Mass spectra acquired for isolated ions at 462 m/z (marked with asterisk), which corresponds to B, after
supplemental applied reaction times of 0 s (top) and 0.1 s (bottom). Addition of background H>O is indicated by
A(m/z) = +9 for z=+2, and A(m/z) = +18 for z =+1. Product peaks a and b are discussed in the text.

24



2x10° 7 [(UO,),(12C4),]** (C) / [(VO,)(12C4)]*
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Figure 4. Mass spectra acquired for isolated ions at 446 m/z (marked with asterisk), after applied reaction times of
0 s (top) and 0.1 s (bottom). 446 m/z corresponds to monopositive [(UO2)(12C4)]" and/or dipositive
[(UO2)2(12C4):]* (C)  Addition of background H,O is indicated by A(m/z) = +9 for z = +2 and A(m/z) = +18 for
z =+1. Addition of O, is indicated by A(m/z) = +32 for z=+1.
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Figure 5. Computed structures of GS [(UO2)2(0)2(12C4)3]?* (A), [(UOz2)2(0)2(12C4)2]** (B), and
[(UO2)2(12C4)2]?* (C). Bond distances are in A. The O in 12C4 are green; other O are red.
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Figure 6. Iso-surfaces of frontier MOs of C with triplet and broken-symmetry singlet multiplicities at PBE/TZ2P

level.
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Uranyl(VI) peroxide dimer Uranium(V) Extreme CCI

. Destroy uranyl
A .

(12€4)(U0,*)(0,)(U0,*)(12€4) (12€4)(U0,*)(UO,*)(12€C4)

Terminal 12-Crown-4 ether ligands, “12C4”, support gas-phase peroxide-bridged uranyl(VI) dimer B.
Elimination of O, from B results in destruction of the uranyl Oy=U=0y1 moieties concomitant with
reduction to U(V), yielding C in which two U=0 units are linked by two bridging O atoms. Because
C corresponds to association of two ligated UO," moieties, it corresponds to a formal “cation-cation”

interaction in which the uranyl bonding motif has been practically demolished.
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