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Abstract  

The following gas-phase uranyl/12-Crown-4 (12C4) complexes were synthesized by electrospray 

ionization: [UO2(12C4)2]
2+

 and [UO2(12C4)2(OH)]
+
.  Collision induced dissociation (CID) of the 

dication resulted in [UO2(12C4-H)]
+
 (12C4-H is a 12C4 that has lost one H), which 

spontaneously adds water to yield [UO2(12C4-H)(H2O)]
+
.  The latter has the same composition 

as [UO2(12C4)(OH)]
+
 produced by CID of [UO2(12C4)2(OH)]

+
 but exhibits different reactivity 

with water.  The postulated structures as isomeric [UO2(12C4-H)(H2O)]
+
 and [UO2(12C4)(OH)]

+
 

were confirmed by comparison of infrared multiphoton dissociation (IRMPD) spectra with 

computed spectra.  The structure of [UO2(12C4-H)]
+
 corresponds to cleavage of a C-O bond in 

the 12C4 ring, with formation of a discrete U-Oeq bond and equatorial coordination by three 

intact ether moieties. Comparison of IRMPD and computed IR spectra furthermore enabled 

assignment of the structures of the other complexes.  Theoretical studies of the chemical bonding 

features of the complexes provide understanding of their stabilities and reactivities.  The results 

reveal bonding and structures of the uranyl/12C4 complexes, and demonstrate the synthesis and 

identification of two different isomers of gas-phase uranyl coordination complexes. 
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Introduction 

The coordination chemistry of actinide ions with polydentate macrocyclic ligands is of 

particular interest in the context of actinide partitioning from nuclear waste.
1-3

 Crown ethers
4
 are 

known to form complexes with specific metal cations due to the match between cavity size and 

metal radii,
4,5

 which makes these ligands appealing because of the possibility of providing a 

specific fit for an ion by modifying the size of the crown cavity. Two common crown ether 

binding motifs are inclusion and outer-sphere complexes, depending on whether the metal center 

is encapsulated by the crown ether or partly exposed (Scheme 1).
4,6

  

 

Scheme 1. Inclusion (left) and outer-sphere (right) structures of metal- (upper) and uranyl- 

(bottom) crown ether (15C5 and 12C4) complexes (H atoms are not shown).  For clarity the 

crown ether atoms are red and the uranyl O atoms are green. 

Most of solid state actinide-crown ether studies involve uranyl(VI) complexes. 

Crystallization from aqueous solutions results in the formation of a fully hydrated UO2
2+

 core 

with second-shell crown ethers interacting with inner-shell H2O molecules via hydrogen 

bonding.
7-10

 Inclusion complexes in which UO2
2+

 is encapsulated by the crown ether are only 
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achieved under anhydrous conditions.
11,12

 In solution, inclusion of a metal ion into the crown 

ring depends strongly on the solvent used.
13

 Only one crown ether complex has been structurally 

characterized for transuranium elements in solution:  NpO2
+
 was encapsulated in 18-Crown-6 

(18C6) by reaction of NpO2
2+

/NpO2
+
 with 18C6 in aqueous solution.

14
 Relativistic density 

functional theory (DFT) studies on the [AnO2(18C6)]
q
 (q = +1, +2; An = U, Np, Pu) complexes

15
 

have suggested that the preference for the formation of pentavalent [NpO2(18C6)]
+
 rather than  

hexavalent [NpO2(18C6)]
2+

 in aqueous solution is consequence of a combined effect of solvation 

in polar solvents and the effective screening of charge provided by the crown ether.   

In a recent report, a series of 12-Crown-4 (12C4), 15-Crown-5 (15C5) and 18C6 

complexes of uranyl, neptunyl and plutonyl with a metal-to-ligand ratio of 1:1 were synthetized 

in the gas phase;
16

 1:2 complexes were also prepared in the case of 15C5 and 12C4. From 

hydration properties it was concluded that 1:1 actinyl-crown ether complexes exhibit either 

inclusion or outer-coordination (side-on) structures depending on the cavity size. 18C6 provides 

the best fit for actinyls, forming inclusion complexes with all the pentavalent actinyls, AnO2
+
 

(An= U, Np, Pu), as well as with hexavalent uranyl. 12C4 is too small to encapsulate actinyls, 

whereas 15C5 lies between 12C4 and 18C6 in accommodating actinyl inclusion, as reflected by 

the formation of both inclusion and outer-coordination isomers depending on the preparative 

conditions. In the case of 18C6 and hexavalent uranyl, only 1:1 inclusion complexes were 

synthesized, while 15C5 and 14C4 formed outer-coordination 1:1 complexes, which were able to 

add a second ligand to yield 1:2 sandwich complexes. More recently, the gas-phase 

[UO2(15C5)2]
2+

 complex was characterized by infrared spectroscopy and quantum chemical 

studies.
17

 It was determined that the lowest-energy isomer comprises an outer-sphere sandwich 

structure with an unusual non-perpendicular orientation.
17

  

Using the same approach, we here analyze the structural and bonding properties of the 

two cations initially formed by electrospray ionization, [UO2(12C4)2]
2+ 

and [UO2(12C4)2(OH)]
+
, 

as well as derivative ions prepared by collision induced dissociation (CID) of 

[UO2(12C4)2(OH)]
+
 to yield [UO2(12C4)(OH)]

+
, CID of [UO2(12C4)2]

2+
 to yield [UO2(12C4-

H)]
+
, and water addition to the latter to produce [UO2(12C4-H)(H2O)]

+
. Theoretical studies are 

performed to obtain the geometric parameters and bonding properties of these complexes.  

Experimental Methods 
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 The formation of uranyl-12C4 complexes by ESI, and their CID and water-addition 

chemistry, was studied at LBNL using an Agilent 6340 quadrupole ion trap mass spectrometer 

(QIT/MS).  The approach has been described elsewhere, including for studies of hydration of 

uranyl-crown complexes.
16

  The [UO2(12C4)2]
2+

 and [UO2(12C4)2OH]
+ 

complexes were 

produced by ESI of a solution of ~100 µM uranyl chloride and ~400 µM 12C4 (Sigma-Aldrich 

≥98%)  in ethanol (<10% water).  The background water pressure in the ion trap is sufficiently 

high (~10
-6

 Torr) for spontaneous hydration of complexes when energetically and kinetically 

favorable.
18

  CID was performed by isolating and resonantly exciting ions with a specific mass-

to-charge ratio (m/z), which results in multiple collisions with the He bath gas (~10
-4

 Torr) and in 

fragmentation when an adequate excitation voltage is applied.  Spontaneous reactions with 

background water in the ion trap were studied by isolating a specific m/z and applying a fixed 

time delay during which ion-molecule reactions can occur.  When hydration is sufficiently facile, 

it is observed during the ~50 ms CID timescale without application of an additional reaction time.  

The intensity distributions of ions in the mass spectra are highly dependent on 

instrumental parameters, particularly the RF voltage (trap drive) applied to the ion trap; the 

optimized parameters used for trapping singly- and doubly-charged cations are similar to those 

employed in previous experiments.
19

 In general, a higher trap drive favors trapping cations with 

higher m/z (z = 1), while efficient trapping of cations with lower m/z (z = 2) requires a lower trap 

drive.  In particular, it has been demonstrated that trapping conditions induced by a lower-voltage 

trap drive favors retention in the ion trap of doubly-charged actinyl cations.
20

  

The infrared multiple photon dissociation (IRMPD) experiments were performed at the 

Free Electron Laser for Infrared eXperiments (FELIX) Laboratory
21

. The [UO2(12C4)2]
2+

 and 

[UO2(12C4)2OH]
+ 

complexes were produced by ESI of a solution of ~10 µM uranyl perchlorate 

and ~40 µM 12C4  in ethanol (<10% water).  The IRMPD spectra were acquired using a Bruker 

amaZon QIT/MS.  As with the ion trap at LBNL, the background water pressure is sufficiently 

high for hydration of unsaturated metal cation complexes prior to, or during, the IRMPD 

experiments.  When hydration was sufficiently fast to yield hydrates of the studied ion and/or its 

fragments on the timescale of the IRMPD experiments the produced hydrates were continuously 

ejected from the ion trap to minimize any potential contribution from them to the IRMPD spectra.  

In addition to the capability for hydration, complexes can be subjected to CID to induce 

fragmentation followed by IRMPD of the resulting products. The FELIX QIT/MS has been 
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modified
22,23

 such that the high-intensity tunable IR beam from FELIX can be directed into the 

ion packet, resulting in  multiphoton dissociation that is appreciable only when the IR frequency 

is in resonance with an adequately high-absorption vibrational mode of the particular mass-

selected complex being studied. The FEL produces ~5 µs long IR pulses with an energy of 

typically 40 mJ, which are in the form of a sequence of ~5-ps long micropulses at a 1 GHz 

repetition rate. An infrared spectrum of the mass isolated ions is obtained by measuring the 

photodissociation yield as a function of IR laser frequency. This IRMPD approach was 

previously employed to study crown ether
24,25

 and organouranyl complexes.
26

   

Computational Methods 

The geometry optimizations and vibrational frequency analyses were initial performed 

with B3LYP hybrid density functional
27,28

 by using Gaussian 09 software.
29

 The scalar-

relativistic Stuttgart energy-consistent pseudopotential with 32-valence-electron and associated 

ECP60MWB_ANO valence basis set
30,31

 were used for the uranium atom, and Dunning’s 

correlation consistent all-electron basis sets with polarized triple-zeta (cc-pVTZ)
32-34

 were used 

for the oxygen, carbon and hydrogen atoms. The geometry optimizations were performed 

without symmetry restrictions and were followed by vibrational frequency analysis to determine 

the local minima or saddle point natures of the optimized structures. The reported reaction 

energies were obtained by combining the electronic energies with the zero-point vibrational 

energy corrections.  

 In further electronic structure calculations using PBE functional
35

 with ADF code,
36

 the 

scalar-relativistic zeroth-order regular approximation (ZORA)
37,38

 was used in conjunction with 

Slater type orbitals (STOs) of the quality of triple-zeta plus two polarization functions (TZ2P).
39

 

The bond order analyses based on the Mayer method (BOMayer),
40

 the Gopinathan-Jug indices
41

 

and Nalewajski-Mrozek method (BONM)
42

 were performed. The charge analyses based on 

Mulliken method, Hirshfeld analysis,
43

 Voronoi deformation density,
44 

and Multipole derived 

charges
45

 were calculated as well.
46

 The energy decomposition analyses (EDA) based on 

canonical molecular orbitals
47,48

 and theoretical analyses via combined extended transition state 

(ETS) with the natural orbitals for chemical valence (NOCV) theory was carried out.
42,49

 The 

electron localization functions (ELF)
50

 were calculated to investigate the feature of the weak 

dative bonding. 

Results and Discussion 
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Synthesis and Reactivity of Uranyl-12C4 Complexes 

 The complexes [UO2(12C4)2]
2+

and [UO2(12C4)2(OH)]
+ 

were abundant in the ESI mass 

spectra (Fig. S1).  The CID mass spectrum of [UO2(12C4)2]
2+

 is shown in Figure 1; a dominant 

process resulted in [UO2(12C4-H)]
+
, reaction (1).  CID of [UO2(12C4)2(OH)]

+
 resulted in 

[UO2(12C4)(OH)]
+
, reaction (2), as shown in Figure 2.  Spontaneous addition of water to   

[UO2(12C4-H)]
+
 yielded [UO2(12C4-H)(H2O)]

+
, reaction (3), as shown in Figure 3. The species 

tentatively assigned as [UO2(12C4)(OH)]
+
 and [UO2(12C4-H)(H2O)]

+
 have the same 

compositions.  The initial supposition that they have different structures is based on their 

different reactivities with water.  The results for the reaction of [UO2(12C4)(OH)]
+
 with 

background water are shown in Figure 4.  Comparison of Figures 3 and 4, which were acquired 

under the same experimental conditions, reveals that [UO2(12C4-H)(H2O)]
+
 does not exhibit 

addition of a second water molecule to yield [UO2(12C4-H)(H2O)2]
+
, which would have the 

same composition as [UO2(12C4)(OH)(H2O)]
+
.  In contrast, isomeric [UO2(12C4)(OH)]

+
 readily 

adds a water molecule to yield what is presumed to be the hydrate [UO2(12C4)(OH)(H2O)]
+
.  

The synthetic approaches, reactions (2) and (3), along with the differing hydration behaviors, 

suggest the respective assignments of the different isomers as [UO2(12C4)(OH)]
+
 from CID 

reaction (2) and [UO2(12C4-H)(H2O)]
+
 from water addition reaction (3).  To assess this 

hypothesis, IRMPD spectra were acquired for the two isomers prepared by reactions (2) and (3) 

and compared with those computed for the two structures, as discussed below.  The computed 

structures of the other uranyl-12C4 complexes were also evaluated by comparison with the 

experimental IR spectra. 

[UO2(12C4)2]
2+

    [UO2(12C4-H)]
+
 + H12C4

+
        (1)     Endothermic CID 

[UO2(12C4)2(OH)]
+
    [UO2(12C4)(OH)]

+
 + 12C4       (2)     Endothermic CID 

[UO2(12C4-H)]
+
 + H2O   [UO2(12C4-H)(H2O)]

+
         (3)    Spontaneous exothermic 

Structures of [UO2(12C4)2]
2+

 and [UO2(12C4)2(OH)]
+
 

 The computed structures of the ground-state (GS) [UO2(12C4)2]
2+

 and 

[UO2(12C4)2(OH)]
+ 

cations are shown in Figure 5;   selected geometrical parameters are reported 

in Table 1, with more detailed structural information and a higher-energy isomer provided in 
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supporting information. The computed [UO2(12C4)2]
2+

 ground-state (GS) structure is 

characterized by side-on coordination of the two ligands with the uranium metal center hexa-

coordinated by three oxygen atoms from each 12C4 ligand with U-Oligand distances of 2.60 Å, 

2.70 Å and 2.77 Å.  The fourth U-Oligand distance of greater than 3 Å is too long for a significant 

bonding interaction.  In contrast to the previously reported [UO2(15C5)2]
2+

 structure, which was 

found to have a peculiar equatorial coordination of six oxygen atoms coplanar and non-

perpendicular to the uranyl moiety,
17

 in [UO2(12C4)2]
2+

 the six coordinating oxygen atoms in the 

12C4 ligands are not strictly in the so-called equatorial plane, nor are they coplanar.  

Furthermore, the uranyl moiety is significantly bent from linearity, to 149, though both U-O 

distances are 1.740 Å as is typical of uranyl distances. Although in this complex the axial and 

equatorial orientations significantly depart from typical geometries of linear uranyl coordinated 

in the equatorial plane, the nature of the complexes, notably the bond distances, indicates an 

inherently U=Oyl and U-Oeq type of coordination, where Oyl denotes U-O bonding that is 

characteristic of uranyl, and Oeq denotes coordination by oxygen atoms in the quasi-equatorial 

region around uranium in uranyl.  The uranium-oxygen bond lengths (U-Oyl is 1.78 Å and 

average for the six U-Oeq is 2.69 Å, Table 1) and overall coordination are comparable to those 

previously computed for the [UO2(15C5)2]
2+

 ion for which U-Oyl is 1.74 Å, and an average for 

the six U-Oeq is 2.65 Å.
17

  The primary difference between the [UO2(12C4)2]
2+

 and 

[UO2(15C5)2]
2+

 structures is the substantial deviation from linearity of the uranyl moiety in the 

former, coincident with more non-planar coordination of the Oeq “equatorial” coordination of the 

12C4.  The substantial distortion from strictly equatorial coordination is attributed to the more 

compact and rigid nature of the 12C4 ligand, which precludes near-planar coordination by the 

crown ether oxygen atoms to uranium. 

 For [UO2(12C4)2]
2+

, an alternative inclusion isomer with a linear uranyl moiety and each 

of the crown ether ligands cycle about the U-Oyl axial bonds with tetra-coordination to the 

uranium metal center, was found to be significantly higher in energy (+109.4 kcal/mol; see Fig. 

S5).  Although much higher in energy, this structure is remarkable in having two short U=Oyl 

bonds of 1.74 Å and eight short “U-Oeq” distances of 2.63 Å to yield a high net uranium-oxygen 

coordination of 10.  Despite this high degree of uranium-oxygen coordination, the high-energy 

structure is evidently substantially destabilized due to repulsive interactions between the four 

12C4 oxygens and the two uranyl oxygens. 
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The [UO2(12C4)2]
2+

 cations were isolated and photofragmented using FELIX to generate 

IRMPD spectra in the wavelength range of 500 cm
-1

 to 1800 cm
-1

. The experimental and 

computed IR spectra for the GS isomer are shown in Figure 6(a); those for the inclusion isomer 

are shown in Figure S8 (supporting information).  A scaling factor of 0.98 was applied to the 

computed DFT frequencies to account for mode anharmonicities and deficiency in the exchange-

correlation functional used.
51-53

 As is apparent in Fig. 6(a) there is good agreement between the 

IRMPD spectra and the computational results for the GS isomer.  The computed spectrum for the 

high-energy structure is not in accord with the experimental spectrum (Fig. S8).  These results 

provide a high level of confidence that the structure of the synthesized species is that computed 

as the GS structure.  The experimental uranyl 3 asymmetric stretch mode at 968 cm
-1

 is only 

slightly less red-shifted than the most extreme previously reported red-shift to 965 cm
-1

 for a 

dipositive gas-phase uranyl complex,
54

 indicating substantial charge donation to the uranyl 

moiety from the two tridentate oxygen donor 12C4 ligands. 

 ESI also produced the [UO2(12C4)2(OH)]
+ 

complex.  The computed GS structure is 

shown in Figure 5 (selected geometrical parameters are in Table 1).  As is apparent in Figure 6(b) 

there is good agreement between the computed and experimental IR spectra, substantiating the 

validity of the reported GS structure. The addition of an anionic OH
-
 group to [UO2(12C4)2]

2+
 

induces a slight elongation of the U-Oyl bond (from 1.74 to 1.77 Å).  This elongation is in accord 

with additional charge donation, weakening of the U-Oyl bonds, and a resulting further red-shift 

of the uranyl 3 asymmetric stretching mode to 931 cm
-1

. The steric congestion introduced by the 

hydroxyl ligand results in reduced coordination of the 12C4 oxygen atoms in 

[UO2(12C4)2(OH)]
+
.  One of the 12C4 ligands exhibits bidentate coordination with U-Oeq 

distances of 2.60 and 2.77 Å, with the other two U-O12C4 distances being very long (>3.9 Å).  

The other 12C4 ligand has four relatively long U-O distances in the range of 2.87 – 3.13 Å; the 

U-O coordination for this second 12C4 ligand is furthermore well outside of the equatorial plane. 

In accord with the steric congestion in this complex the dominant CID process is loss of one of 

the two 12C4 ligands, reaction 2, as seen in Figure 2. 

The binding mechanisms and strengths of 12C4 ligands to uranyl is of primary interest. 

To provide insight into uranyl-12C4 interactions, we take UO2(12C4)2
2+

 as an example to 

analyze the electronic structures and metal-ligand bonding. Several chemical bonding analysis 

methods were used. The results of the energy decomposition analysis (EDA) based on canonical 
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molecular orbitals for the process UO2
2+

 + 12C4 → UO2(12C4)2
2+

 are given in Table 2. The 

results show that electrostatic and orbital interactions both contribute to the total bonding energy, 

which indicates that in addition to electrostatic interactions covalency plays a role in the metal-

ligand binding. From analysis using the extended transition state (ETS) method, combined with 

natural orbitals for chemical valence (ETS-NOCV), the covalent character in UO2(12C4)2
2+

 can 

be understood in terms of the dominant density deformation channels, Δρ1(r), Δρ2(r), Δρ3(r), 

Δρ4(r), Δρ5(r), Δρ6(r), and Δρ7(r), which arise from the ligand-to-metal donation as shown in 

Table 3 and Figure 7. These interactions provide energetic stabilizations of −21.01 kcal/mol 

(ΔEorb1), −23.53 kcal/mol (ΔEorb2), −15.68 kcal/mol (ΔEorb3), −20.50 kcal/mol (ΔEorb4), −14.80 

kcal/mol (ΔEorb5), −8.41 kcal/mol (ΔEorb6), and −12.10 kcal/mol (ΔEorb7). Atomic charge analysis 

shows that for Oeq2 atoms the average VDD charges (-0.15, Table 2) are more negative than the 

O-atom in U-Oeq1, for which the average VDD charge on the oxygen atoms is -0.09. This charge 

difference can be attributed to donation of electrons in the 12C4 ligands to stabilize the U−Oeq 

dative bonds. The value of the electron localization function (ELF, Figure 8) for those six 

terminal U−Oeq bonds are primarily centered on U and Oeq atoms, revealing that there is non-

negligible covalent interaction between U and O atoms, although the U−Oeq bonds are largely 

ionic in character. 

Coordination of uranyl by 12C4 in crystalline solids has revealed that this small outer-

sphere crown does not effectively compete with other more strongly coordinating ligands such as 

water.  The result is structures in which the 12C4 exhibits monodentate coordination with only 

one ethereal oxygen atom coordinating in the equatorial uranyl plane.
55,56

 Equatorial 

coordination of uranyl is completed, for example, by two chloride anions and two water 

molecules that are hydrogen bonded to additional outer sphere 12C4 ligands. In other crystal 

structures 12C4 does not whatsoever coordinate uranyl but instead with water forms an organic 

layer that separates layers of inorganic polymeric chains.
7
 The tridentate quasi-equatorial 

coordination of the two crown ligands in gas-phase [UO2(12C4)2]
2+

, and approximately 

tridentate/bidentate crown coordination in [UO2(12C4)2(OH)]
+
, is facilitated in these isolated 

complexes by the absence of the competitive coordination that dominates in condensed phase. 

 

Structure of [UO2(12C4-H)]
+
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  As reported above and shown in Figure 1, CID of [UO2(12C4)2]
2+ 

resulted in [UO2(12C4-

H)]
+
 (m/z 445) according to reaction (1).  Absent rearrangement, this CID process would result 

in a radical C atom that could bind to uranium to form an organoactinyl; however, this structure, 

shown in Figure S6, is 53 kcal/mol above the computed GS structure.  The GS structure of 

[UO2(12C4-H)]
+
, shown in Fig. 5,  contains an acyclic (12C4-H) ligand, which wraps around the 

uranyl moiety, tetra-coordinated in the equatorial plane, and displays U-Oeq bond distances that 

are significantly shorter (i.e. < 2.6 Å) than the values for the complexes described above which 

comprise intact 12C4 ligands.  The structure of the 12C4-H ligand in the GS structure 

corresponds to cleavage of a C-O bond with elimination of an H atom from 12C4 to yield 

CH2=CH-O-CH2-CH2-O-CH2-CH2-O-CH2-CH2-O•.  The terminal radical O atom forms a single-

bond to the uranium metal center with a short U-O bond distance of 2.09 Å, which is comparable 

to the U-OH single-bond distance of 2.10 Å reported below.  The other three U-Oeq bond 

distances of 2.50, 2.58 and 2.58 Å are much longer and are characteristic of dative coordinate 

bonds. The U-Oyl bond lengths, 1.76-1.77 Å, are comparable to those in [UO2(12C4)2(OH)]
+
 

(1.75-1.76 Å), which is an indication of the strong bonding interaction between the single radical 

oxygen and the UO2
2+ 

moiety; in essence the 12C4-H ligand can be considered as an alkoxide-

type anion, in analogy with the OH
-
 hydroxide ligand. Accordingly, the uranyl 3 asymmetric 

stretching mode (936 cm
-1

) is significantly lower than the corresponding value for dipositive 

[UO2(12C4)2]
2+ 

(968 cm
-1

) and close to that of  [UO2(12C4)2(OH)]
+ 

(931 cm
-1

). In the higher 

energy (+53 kcal/mol) structural isomer the uranyl moiety departs significantly from linearity 

(from 180 to 120.7) and the metal interacts directly with the deprotonated carbon atom of the 

crown-ether molecule, as well as with all four ether oxygen atoms. This organouranyl complex 

exhibits a U-C bond length of 2.34 Å, which is comparable to those for previously reported gas-

phase organouranyl complexes
26

 (Figure S6, supporting information). 

 As is apparent in Figure 9 there is good agreement between the computed IR spectrum 

for the GS isomer of [UO2(12C4-H)]
+
and the IRMPD spectra.  The computed spectrum for the 

high energy isomer is shown along with the experimental spectra in Figure S9, where it is seen 

that the experiment/theory agreement is much less satisfactory.  In particular, the rather intense 

absorption for this isomer around 950 cm
-1 

is not predicted, and the observed absorption around 

820 cm
-1

 is much less intense than predicted.  Based on comparison of the experimental and 

computed spectra it can be concluded that the GS structure of [UO2(12C4-H)]
+
 shown in Fig. 5 is 
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the dominant or sole isomer produced in the experiments.  Cleavage of the cyclic 12C4 ligand 

results in formation of a strong U-O single bond, which is a more energetically favorable 

scenario than an intact 12C4-H ring with a U-C organouranyl bond.  This is a manifestation of 

the very strong bonds formed between uranium and oxygen. 

     

Structures of Isomers [UO2(12C4)(OH)]
+
 and [UO2(12C4-H)(H2O)]

+ 

 As noted above (Fig. 2), CID of [UO2(12C4)2(OH)]
+
 resulted in [UO2(12C4)(OH)]

+
, 

which has the same composition as the alternative hydrate structure, [UO2(12C4-H)(H2O)]
+
.  The 

CID product of reaction (2) is speculated to be [UO2(12C4)(OH)]
+
 because this would result 

from elimination of a 12C4 ligand without any rearrangement, an assumption that may well be 

invalid under CID conditions.  Gas-phase addition of water to [UO2(12C4-H)]
+
, produced by 

CID of [UO2(12C4)2(OH)]
+
 as described above, yielded what is tentatively assigned as the 

hydrate, [UO2(12C4-H)(H2O)]
+
, reaction (3).  The postulated formation of the alternative 

hydroxide and hydrate structures are given by endothermic CID reaction (2) and spontaneous 

exothermic hydration reaction (3). 

 The GS structures of the hydroxide and hydrate isomers, [UO2(12C4)(OH)]
+
 and 

[UO2(12C4-H)(H2O)]
+
, are shown in Figure 5; substantially higher energy (>50 kcal/mol) 

structures for both the hydroxide and hydrate isomers are shown in Figure S7.  The GS 

[UO2(12C4)(OH)]
+
 structure is computed to be 25.8 kcal/mol higher energy than GS 

[UO2(12C4-H)(H2O)]
+
, such that based on energetics alone the products of both reactions (2) and 

(3) would be assigned as the hydrate, not the hydroxide as proposed in CID reaction (2).  

Referring to Figures 3 and 4, it is apparent that the reactivity of the isomers produced by reaction 

(2) and reaction (3) are substantially different.  The [UO2(12C4-H)]
+
 complex efficiently adds 

water to yield what is postulated has the hydrate [UO2(12C4-H)(H2O)]
+
.  The [UO2(12C4)(OH)]

+
 

complex, which has the same composition as the hydrate very efficiently adds water to yield 

what is proposed to be the hydroxide hydrate [UO2(12C4)(OH)(H2O)]
+
, a process that is nearly 

complete within 0.1 second under these experimental conditions.  If [UO2(12C4-H)(H2O)]
+
 were 

actually the hydroxide then the hydrate would be apparent in Figure 3; the absence of a peak in 

Figure 3 corresponding to addition of a second water molecule indicates that the first water 

addition product does not have the same structure as the isomer identified as [UO2(12C4)(OH)]
+
 

in Figure 4. 
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 The water addition chemistry evident in Figures 3 and 4 suggests that the two isomers are 

[UO2(12C4-H)(H2O)]
+
 and [UO2(12C4)(OH)]

+
.  Referring to the structures in Figure 5, it is 

apparent that the [UO2(12C4)(OH)]
+
 isomer has a largely exposed uranium metal center that 

might enable facile hydration.  In contrast, the [UO2(12C4-H)(H2O)]
+
 isomer is essentially 

uranyl with pentacoordination in the equatorial plane, a configuration that is not amenable to 

addition to further hydration.  Similarly, the highly coordinated uranium centers in 

[UO2(12C4)2]
2+

 and [UO2(12C4)2(OH)]
+
 (Fig. 5) render these species resistant to hydration, as 

seen in Figures S3 and S4. 

 IRMPD spectra acquired for the species with the same composition but produced by 

reactions (2) and (3) are shown in Figure 10.  It is readily apparent that the species produced by 

reaction (2) (black spectrum in Fig. 10a) and that produced by reaction (3) (black spectrum in 

Fig. 10b) are very different, indicating different structures for these two species with the same 

composition, as postulated above.  From Figure 10a it is apparent that the complex provisionally 

assigned as [UO2(12C4)(OH)]
+
 from reaction (2) does indeed exhibit an IRMPD spectrum in 

good agreement with that computed for the GS structure of this hydroxide species.  Similarly, 

Figure 10b reveals good agreement between the hydrate complex proposed from reaction (3) and 

the computed spectrum for this species.  Comparison of the IRMPD spectra with the computed 

high-energy isomers of the hydroxide and hydrate complexes, shown in Figure S10, reveal poor 

correspondences. 

 The comparisons of the IRMPD and computed IR spectra reveal that the hypotheses 

presented above, and summarized as reactions (2) and (3) are valid.  Although the hydroxide 

structure is substantially (ca. 26 kcal/mol) higher in energy than the hydrate structure, CID 

elimination of a 12C4 ligand from [UO2(12C4)2(OH)]
+
 results in retention of the hydroxyl ligand 

rather than abstraction of a H atom from the 12C4 ligand to yield the lower-energy hydrate.  The 

GS structure of [UO2(12C4-H)(H2O)]
+
 (Figure 5) is similar to that of [UO2(12C4-H)]

+
 with the 

H2O molecule equatorially coordinating the partially exposed uranium metal center and 

providing equatorial coordination by five O atoms.  Conversion of the hydroxide to the more 

stable hydrate would require C-O bond cleavage of the intact 12C4 ligand, which evidently does 

not occur upon CID elimination of a 12C4 ligand from [UO2(12C4)2(OH)]
+
.  Addition of H2O to 

[UO2(12C4-H)]
+
 retains the cleaved 12C4-H ligand to yield the most stable hydrate structure.  
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 The GS [UO2(12C4)(OH)]
+
 complex produced by loss of a 12C4 ligand via reaction 2 

can be represented as [UO2(OH)]
+
 coordinated by a 12C4 ligand (Figure 5).  In contrast to bare  

[UO2(OH)]
+
, in the complex this unit has a non-planar structure with a OylUOOH-Oyl dihedral 

angle of ca. 150, where the dihedral angle is that which atom Oyl makes with respect to the 

plane defined by the first three atoms Oyl,U,OOH.  The non-planar uranyl hydroxide unit is 

coordinated by the 12C4 ligand in a side-on manner with U-O bond lengths of > 2.6 Å.  Both U-

Oyl bond lengths are significantly elongated relative to the other uranyl complexes, to ca 1.77 Å, 

and the uranyl moiety significantly deviates from linearity to ca. 150.  This geometry allows 

hydration of this isomeric structure.  

Conclusions 

Gas-phase uranyl–(12-Crown-4) complexes [UO2(12C4)2]
2+

 and [UO2(12C4)2(OH)]
+ 

were 

prepared by ESI.  CID of the dication yielded [UO2(12C4-H)]
+
 in which the 12C4 ring is cleaved 

to produce a strong U-Oligand single bond.  The structure of the isomer produced by water 

addition to the latter was confirmed as the hydrate [UO2(12C4-H)(H2O)]
+
 whereas the isomer 

produced by CID elimination of 12C4 from [UO2(12C4)2(OH)]
+
 was confirmed as the hydroxide 

[UO2(12C4)(OH)]
+
.  Although the hydroxide isomer is 26 kcal/mol higher in energy it does not 

rearrange via cleavage of the 12C4 ring to form the lower-energy hydrate.  The gas-phase 

chemistry of the two isomers indicated the postulated structures, which were confirmed by 

comparison of the IRMPD spectra with the computed IR spectra.  The results provide a clear 

example of the formation of distinct isomers in the gas phase by using different synthetic routes 

and also the utility of IRMPD spectroscopy combined with DFT computations to confirm 

isomeric structures.  The computed structures of the uranyl-12C4 complexes, which were 

confirmed by IRMPD, exhibit a variety of bonding of the uranium to 12C4, in some cases with 

resulting substantial distortions of the uranyl moiety to accommodate high-coordination by the 

small and rigid 12C4 (or 12C4-H) ligand(s). These results help to understand the interaction 

between Uranyl and crown ethers with varying size. 

Supporting Information 

ESI mass spectrum of the uranyl/12C4 solution. CID mass spectrum of (12C4)H
+
. Mass spectra 

of [UO2(12C4)2(OH)]
+
 and [UO2(12C4)2]

2+
 after isolation, showing no water-addition. Optimized 
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structures of higher-energy isomers of [UO2(12C4)2]
2+

, [UO2(12C4-H)]
+
, [UO2(12C4-H)(H2O)]

+
, 

and [UO2(12C4)(OH)]
+
. Comparison between the obtained IRMPD spectra and computed IR 

spectra of high-energy isomers of [UO2(12C4)2]
2+

, [UO2(12C4-H)]
+
, [UO2(12C4-H)(H2O)]

+
, and 

[UO2(12C4)(OH)]
+
. 
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Table 1. Geometrical parameters (bond lengths in Å and uranyl bond angles in degrees) at 

B3LYP/ECP60MWB_ANO (U):cc-pVTZ (C, H, O) level of theory.  Relative energies (∆E in kcal/mol) 

are computed with respect to the ground-state (GS) isomer; vibrational frequencies 3 are in cm
-1

.
a 

 

[UO2(12C4)2]
2+

 [UO2(12C4)2(OH)]
+
 [UO2(12C4-H)]

+
 [UO2(12C4-H)(H2O)]

+
 [UO2(12C4)(OH)]

+
 

 

Side-on 

GS 
Insertion GS 

Insertion 

GS 

Side-on 

Organo-

uranyl
d 

Insertion 

GS 
Side-on 

Side-on  

GS 

Insertion 

 

U-Oyl 
1.740 

1.740 

1.739 

1.739 

1.766 

1.746 

1.762 

1.769 

1.792 

1.808 

1.766 

1.771 

1.792 

1.812 

1.765 

1.768 

1.773 

1.780 

U-O(H/H2) - - 2.113 - - 2.533 2.514 2.081 2.096 

U-Oeq 
b 

2.687 

[6] 

2.625 

[6] 

2.981 

[4] 

2.440 

[4] 

2.578 

[4] 

2.482 

[4] 

2.635 

[4] 

2.778 

[4] 

2.553 

[4] 

Oyl-U-Oyl 148.8 180.0 169.2 172.0 120.7 171.3 129.3 149.5 151.8 

∆E 0.0 109.4 0.0 0.0 53.0 0.0 53.8 0.0 66.5 

3 

Computed
c
 

958 954 943 913 868 925 858 906 962 

3 

IRMPD 
968 - 931 936 - 938 - 936 -- 

a 
Ground-state (GS) optimized structures are reported in Figure 5; the optimized structures of higher-

energy isomers are shown in Supporting Information. 
b
Average of U-Oeq distances that are less than 3 Å; 

the number of such U-Oeq interactions is in brackets. 
c 
Scaling factor 0.98. 

d 
The U-C distance is 2.390 Å. 
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Table 2. EDA and ETS-NOCV analysis of UO2
2+

 + (12C4)2 → UO2(12C4)2
2+

 at PBE/TZ2P. 

 Inter. Frag: UO2(12C4)2
2+

 (
1
A) [UO2

2+
 (

1
);

 
12C4 (

1
A)] 

EDA ∆Eorb ∆EPauli ∆Eelstat ∆Eint 

 -202.66 128.65 -206.7 -280.7 

ETS-NOCV i ∆
i
 ∆E

i
orb 

 ∆E1 0.46 -21.01 

 ∆E2 0.46 -23.53 

 ∆E3 0.41 -15.68 

 ∆E4 0.37 -20.50 

 ∆E5 0.35 -14.80 

 ∆E6 0.30 -8.41 

 ∆E7 0.26 -12.10 

 ∆E(total) 
 

-185.78 

 ∆E(rest) 
 

-36.43 
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Table 3. Average bond distance and bond order of six terminal U-Oeq1 bonds, two long U-Oeq2 and two U-

Oyl bonds, and average charges of Oeq and Oyl for UO2(12C4)2
2+

 at PBE/TZ2P. 

 Distance, Å 
Bond Order 

Mayer G-J N-M1 N-M2 N-M3 

U-Oeq1 2.69 0.32 0.36 0.43 0.72 0.44 

U-Oeq2 3.48 0.07 0.07 0.08 0.23 0.09 

U-Oyl 1.78 2.00 2.49 2.84 2.84 2.77 

Charge 

 Mulliken Hirshfeld VDD MDC-q 

q(U) 2.35 0.81 0.52 2.55 

q(Oyl) -0.58 -0.24 -0.26 -0.63 

q(Oeq1) -0.63 -0.09 -0.09 -0.46 

q(Oeq2) -0.70 -0.15 -0.15 -0.59 
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Figure 1.  CID mass spectrum of [UO2(12C4)2
2+

] produced by ESI. 
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Figure 2.  CID mass spectrum of [UO2(12C4)2(OH)]
+
 produced by ESI. 
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Figure 3.  Spontaneous reaction of [UO2(12C4-H)]
+
 with background water for applied times of 0 s and 

0.1 s.  The reaction product at t = 0 s reflects the inherent time delay before the applied reaction time. 
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Figure 4.  Spontaneous reaction of [UO2(12C4)(OH)]
+
 with background water for applied times of 0 s and 

0.1 s. 
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Figure 5. Computed structures of the ground-state [UO2(12C4)2]
2+

, [UO2(12C4)2(OH)]
+
,  

[UO2(12C4-H)]
+
,  [UO2(12C4-H)(H2O)]

+ 
and [UO2(12C4)(OH)]

+
 complexes.  Selected 

geometrical parameters are reported in Table 1.  The uranyl O atoms are green while the other O 

atoms are red. 
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Figure 6. IRMPD spectra of (a) [UO2(12C4)2]
2+

 and (b) [UO2(12C4)2(OH)]
+
 are in black. In red 

are the computed IR spectra for the GS structures. Harmonic frequencies for this and the other 

calculated spectra were computed at the B3LYP/ECP60MWB_ANO (U):cc-pVTZ(C, H, O) level 

of theory, scaled by a factor of 0.98 and convoluted with a 10 cm
-1

 fwhm Gaussian lineshape 

function.  
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Figure 7. Plot of representative U-O bonding interaction between UO2
2+

 and 12C4 ligand 

fragments from ETS-NOCV method with a closed-shell PBE calculation (energy units = 

kcal/mol, isovalue =0.03).  
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Figure 8. Two-dimensional ELF contour for the O-U-O planes containing the U-O interaction. 

The results are based on the SR-ZORA-PBE calculated densities.  
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Figure 9. IRMPD spectrum of [UO2(12C4-H)]
+
 is in black.  In red is the computed IR spectrum 

for the GS structure.  
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Figure 10. IRMPD spectra of (a) [UO2(12C4)(OH)]
+
 from reaction (2), and (b) [UO2(12C4-

H)(H2O)]
+
 from reaction (3) are in black.  In red are the computed spectra for the GS structures.  
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Distinctive structures of gas-phase uranyl/12-Crown-4 coordination complexes include a species 

in which a C-O bond has been cleaved.  Relatively high ether coordination is achieved absent 

competition with more strongly coordinating ligands as occurs in condensed phase. Two isomers 

were alternatively produced by exothermic hydration and endothermic ligand elimination. 
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