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Abstract

Gas-phase coordination complexes of actinyl(V) cations, AnO2
+, provide a basis to assess fundamental 

aspects of actinide chemistry. Electrospray ionization of solutions containing an actinyl cation and 

sulfonate  anion CH3SO2
- or C6H5SO2

- generated complexes [(AnVO2)(CH3SO2)2]- or 

[(AnVO2)(C6H5SO2)2]- where An = Np or Pu. Collision induced dissociation resulted in C-S bond cleavage 

for methanesulfinate to yield [(AnVO2)(CH3SO2)(SO2)]-, whereas hydrolytic ligand elimination occurred 

for benzenesulfinate to yield [(AnVO2)(C6H5SO2)(OH)]-. These different fragmentation pathways are 

attributed to a stronger C6H5-SO2
- versus CH3-SO2

- bond, which was confirmed for both the bare and 

coordinating sulfinate anions by energies computed using a relativistic multireference perturbative 

approach (XMS-CASPT2 with spin-orbit coupling). The results demonstrate shutting off a ligand 

fragmentation channel by increasing the strength of a particular bond, here a sulfinate C-S bond. The 

[(AnVO2)(CH3SO2)(SO2)]- complexes produced by CID spontaneously react with O2 to eliminate SO2, 

yielding [(AnO2)(CH3SO2)(O2)]-, a process previously reported for An = U and found here for An = Np 

and Pu. Computations confirm that the O2/SO2 displacement reactions should be exothermic or 

thermoneutral for all three An, as was experimentally established. The computations furthermore reveal 

that the products are superoxides [(AnVO2)(CH3SO2)(O2)]- for An = Np and Pu, but peroxide 

[(UVIO2)(CH3SO2)(O2)]-. Distinctive reduction of O2
- to O2

2- concomitant with oxidation of U(V) to U(VI) 

reflects the relatively higher stability of hexavalent uranium versus neptunium and plutonium.
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Introduction

Sulfinate anions with general formula RSO2
-, where R is an organic group, are conjugate bases of 

sulfinic acids, RSO2H. Cleavage of the sulfinate carbon-sulfur bond provides a radical R• fragment, which 

can engage in reactions such as carbon-carbon coupling. This and other types of  C-S bond cleavages and 

C-C couplings are usually accomplished using a metal catalyst (M) to yield a C-M-S intermediate, with 

mechanistic details typically remaining elusive.1 A useful prelude to directly probing actual catalytic 

systems is to examine related processes in simple gas-phase coordination complexes having ligands like 

sulfinate tethered to a metal center.2 Specifically, anion complexes [M(L)n]- formally having a metal 

cation, M(n-1)+, coordinated by n anion ligands, L-, are well suited for study by electrospray ionization 

(ESI) coupled to quadrupole ion trap mass spectrometry (QIT-MS), a gas-phase technique that has 

appropriately been termed “a complete chemical laboratory”.3 In QIT-MS, ligand cleavage is 

accomplished by low-energy collision induced dissociation (CID) in which the internal energy of the 

complex is gradually increased to above its fragmentation threshold.4 The observed fragmentation 

pathway(s) reflect the underlying potential energy surface (PES), which includes the overall reaction 

energy as well as transition state barriers that may inhibit fragmentation and control kinetics. For relatively 

small isolated gas-phase complexes it is often feasible to reliably compute relevant energy surfaces for 

unimolecular CID processes to rationalize observations and understand underlying and related 

phenomena.5,6

O’Hair and co-workers used CID to study the competition between decomposition of 

methanesulfinate and acetate ligands coordinated to copper in the gas-phase complex 

[Cu(CH3SO2)(CH3CO2)]-.7 The favored CID pathway was C-S cleavage with SO2 eliminated to yield 

organocuprate complex [Cu(CH3CO2)(CH3)]-; alternative C-C cleavage with CO2 elimination was not 

observed. Curiously, DFT calculations indicated that the lowest energy decomposition pathway is loss of 

CO2 (ΔH = 68 kJ/mol), rather than the observed loss of SO2 (ΔH = 108 kJ/mol). However, the computed 

PES revealed the origins of the favored CID pathway as a lower transition state barrier for SO2 

elimination, which results in kinetic rather than thermodynamic control of this particular dissociation. The 

O’Hair group recently employed CID and DFT to evaluate decomposition of gas-phase palladium 

benzenesulfinate complexes, with a focus on comparison with the corresponding carboxylates.8 In that 

work, CID resulted in elimination of SO2 with formation of a Pd-C6H5 organometallic bond, exhibiting 

chemistry reminiscent of the Cu-CH3 situation.

Our earlier foray into sulfinate complexes employed the uranyl(V) cation, UO2
+, coordinated by 

two methanesulfinate ligands in [(UO2)(CH3SO2)2]-.9 CID resulted in C-S bond cleavage with CH3 
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elimination to yield [(UO2)(CH3SO2)(SO2)]- comprising a sulfur dioxide anion ligand. Retention of the 

SO2 fragment, rather than CH3
 as was previously observed for copper, reflects the more oxophilic 

character of actinides in general and uranium in particular.10 It was additionally found that the uranyl(V) 

CID product spontaneously reacts with O2, with elimination of SO2 to yield [(UO2)(CH3SO2)(O2)]-. 

Reasonable assignments of the nature of this latter reaction product include superoxide O2
- ligand with 

retention of oxidation state U(V), and peroxide O2
2- ligand with oxidation to U(VI).  DFT computations 

indicate the latter, implying oxidation of uranyl(V) to uranyl(VI) upon replacement of SO2 by O2. We 

here extend this general line of inquiry farther into the actinide series with a study of methanesulfinate 

complexes of neptunyl(V) and plutonyl(V). It was here found that CID of both of the [(AnO2)(CH3SO2)2]- 

(An = Np and Pu) results in CH3 elimination, as we previously reported for An = U. Furthermore, CID 

products [(AnO2)(CH3SO2)(SO2)]- spontaneously react with O2 to eliminate SO2 and afford 

[(AnO2)(CH3SO2)(O2)]-, as was also previously observed for the corresponding uranium complex. 

However, DFT computations indicate that the products are neptunyl(V) and plutonyl(V) superoxides. 

This contrast to formation of a uranyl(VI) peroxide reflects the diminishing stability beyond uranyl of 

actinyl(VI) relative to actinyl(V).11

A focus of our renewed interest in sulfinate complexes was to explore rational and predictable 

control of ligand decomposition in CID, and by inference also in condensed phases. The hypothesis was 

that for two organosulfinate ligands, R1SO2
- and R2SO2

-, the transition state barriers to C-S bond cleavage 

should correlate with the net energy for this dissociation. The rationale for this premise is essentially 

Hammond’s Postulate.12 In particular, as analogous C-S bond cleavage mechanisms are generally 

expected for different RSO2
- ligands, the transition states should be comparable. Furthermore, as is typical 

for such endothermic bond cleavage reactions the pertinent transition state should resemble the products 

R and SO2
- more so than the R-SO2

- reactant. According to Hammond’s Postulate, as the reaction becomes 

increasingly endothermic—i.e. the products become higher energy reflecting higher bond dissociation 

energy (BDE)—the corresponding transition state reaction barrier should similarly increase in energy. As 

exemplary ligands to test this simple premise with a specific comparison, we identified two elementary 

organosulfinates, methanesulfinate (CH3SO2
•) and benzenesulfinate (C6H5SO2

•). The expectation was that 

the C-S bond would be weaker in the former than in the latter, such as it for methanethiol (BDE = 308 kJ 

mol-1) versus benzenethiol (BDE = 366 kJ mol-1), as well as for other CH3-X versus C6H5-X bonds (X = 

halide, NO2, OH, H, CH3 etc.).13 We here first report on a computational study of neutral CH3SO2 and 

C6H5SO2, and anions CH3SO2
- and C6H5SO2

-, to establish their structures and energetics. We then report 

CID results for AnVO2(CH3SO2)2
- and AnVO2(C6H5SO2)2

- (An = Np, Pu), with observation of C-S 
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fragmentation for the methanesulfinate, versus reaction with water and elimination of a protonated ligand 

for benzenesulfinate. We finally present computations that rationalize the experimental observations. 

Computational Details

All geometries were optimized using the PBE0 functional of the density, followed by a harmonic 

vibrational frequency calculation using the Turbomole package.1 The  sum of the partition functions for 

the translational, rotational and harmonic vibrational motions is used to compute the contributions to the 

enthalpies and free energies. All atoms are described with aug-cc-pVTZ triple zeta quality basis sets,14 

while the actinides are described by a small-core (32 valence electrons) relativistic pseudopotential,15  

with the corresponding segmented basis sets with quadruple zeta quality.16 Single-point electronic energy 

calculations on CH3SO2
•, C6H5SO2

• and their anion counterparts were performed with the MP2 and 

CCSD(T) methods, with the MOLPRO package,17  with the reference and correlation energies 

extrapolated to the complete basis set limit (CBS) with the two-point (triple and quadruple-zeta) 

extrapolation formulas.18-20 

To accurately treat the open-shell character of the actinyl complexes in their hexavalent or 

pentavalent state, as well as the radical molecules such as CH3
•, state-averaged CASSCF (complete-

active-space self-consistent field) relativistic calculations were performed with the OpenMolcas 

program.21 These calculations used the second-order Douglas-Kroll-Hess scalar relativistic Hamiltonian22 

and all-electron atomic natural orbitals relativistically correlation consistent basis sets23,24 with triple-ζ 

quality. Expanding the basis set quality to quadruple-ζ only leads to changes of a few kJ mol-1 for the 

computed enthalpies of reaction.  For the actinyl complexes, the zeroth-order CASSCF wave function 

includes all possible configurations with from one up to three unpaired electrons occupying the four non-

bonding fδ and fφ orbitals localized on the actinyl(V) unit, along with one electron on the SO2
- radical unit, 

for the [AnO2(CH3SO2)(SO2)]- and [AnO2(C6H5SO2)(SO2)]- molecules, or one electron on the O2
- 

superoxo radical for the [AnO2(CH3SO2)(O2)]- and [AnO2(C6H5SO2)(O2)]-.  For the small radical 

molecules, the active spaces are generated out of the valence shell orbitals. Dynamic correlation of the 

valence electrons was included via extended multi-state complete active space second-order perturbation 

theory (XMS-CASPT2).25 The resulting XMS-CASPT2 wave-functions computed for all relevant 

multiplicities are coupled by spin-orbit coupling using the RASSI formalism26 and atomic mean-field 

spin-orbit integrals,27 to yield the SO-XMS-CASPT2 energies. The spin-orbit ground-state wave-

functions were analyzed by computing natural spin orbitals (NSOs),28,29 , as eigenvalues of the spin 𝜑𝑧
𝑝(𝑟)
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magnetization density matrix , along the z-actinyl axis. The isosurfaces were drawn with the 𝑚𝑧(𝑟)

AIMAll program.30

For each actinyl complex, we explored several ground-state electronic configurations 

corresponding to different ground-state multiplicities at the PBE0 level of theory.  The most stable 

configurations reported in Table 4 were confirmed by the XMS-CASPT2 calculations. For uranyl, the 

results agree with those previously obtained using the B3LYP functional.9

Experimental Details

Caution – The Np-237 and Pu-242 isotopes employed in this work are radioactive and must be 

handled using appropriate precautions in special radiological laboratories.

The experiments employed an Agilent 6340 QIT-MS, with the ESI source in a radiological 

containment glove box.31 Complexes [AnO2(RSO2)2]- (An = Np or Pu; R = CH3 or C6H5) were produced 

by ESI of methanol (with 10% water) solutions of AnVIO2(ClO4)2 and RSO2Na  (An:R = 1:5 - 1:10, 0.2 

mM An) . The employed isotopes, Np-237 and Pu-242, undergo alpha-decay with half-lives of 2.1×106 y 

and 3.8×105 y, respectively. The MSn capabilities of the QIT/MS enables multiple (n) sequential mass 

spectrometry stages, in each of which ions having a particular mass-to-charge ratio, m/z, are isolated and 

subjected to either CID—i.e. excitation and energetic collisions with helium—or low-energy (T ≈ 300 

K32) ion-molecule reactions (IMRs) with gases in the ion trap. Ion intensity distributions are dependent 

on instrumental parameters, particularly the ion trap RF voltage; the employed parameters are similar to 

those used previously.9 High-purity nitrogen gas for nebulization and drying in the ion transfer capillary 

was boil-off from liquid nitrogen. The He buffer gas pressure in the ion trap is ~10-4 Torr, and background 

H2O and O2 are both present at ~10-6 Torr.33,34

Results and Discussion

Computed structures and energies of CH3SO2 and C6H5SO2

Association reactions (1) and (2) were assessed with a primary goal of quantifying the C-S bond 

strengths in CH3SO2
• and C6H5SO2

•.

CH3
• + SO2➝ CH3SO2

• (1)

C6H5
• + SO2➝ C6H5SO2

• (2)

Quantum chemical (DFT, MP2 and CCSD(T)) calculations on CH3SO2
•  by Li et al.35 previously 

revealed that among thirteen identified isomers, CH3SO2
•, cis-CH3OSO• and trans-CH3OSO• are the most 

stable. The structures, which are shown for the corresponding anions in Figure 1, feature a C-SO2 

connectivity for CH3SO2
•, while C-OSO for the other two. We considered for C6H5SO2

• the corresponding 
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isomers denoted C6H5SO2
• and C6H5OSO• where the latter corresponds to both “cis-C6H5OSO•” and 

“trans-C6H5OSO•” as they are identical in this case. Specifically considered were reactions 3-7 for the 

neutrals and, given our particular interest in anion ligands, corresponding reactions 3a-7a for the anionic 

species. Note that reaction 3 is the same as 1, and 6 is the same as 2, with these duplications for clarity.

CH3
• + SO2➝ CH3SO2

•   /   CH3 + SO2
-➝ CH3SO2

- (3) / (3a)

CH3
• + SO2➝ cis-CH3OSO•   /   CH3 + SO2

-➝ cis-CH3OSO-            (4) / (4a)

CH3
• + SO2➝ trans-CH3OSO•   /   CH3 + SO2

-➝ trans-CH3OSO-    (5) / (5a)

C6H5
• + SO2➝ C6H5SO2

•   /   C6H5 + SO2
-➝ C6H5SO2

- (6) / (6a)

C6H5
• + SO2➝ C6H5OSO•   /   C6H5 + SO2

-➝ C6H5OSO- (7) / (7a)

Table 1. Computed enthalpies ∆Hr and Gibbs free energies ∆Gr at 298.15 K in kJ mol-1 for neutral 
reactions 3 - 7.

∆Hr ∆Gr

Reaction PBE0 MP2 (CBS) CCSD(T) (CBS) PBE0 MP2 (CBS) CCSD(T) (CBS)
(3)   -90.6 -75.3 -69.6 -47.5 -32.1 -26.4
(4) -114.4 -81.7    -84.6       -75.7 -42.9 -45.9
(5) -105.7 -70.8 -74.0 -68.9 -33.7 -36.9
(6) -129.0 -134.1 -118.0 -79.1 -84.1 -68.1
(7) -169.6 -153.9 -145.9 -124.9 -109.2 -101.2

Table 2. Computed enthalpies ∆Hr and Gibbs free energies ∆Gr at 298.15 K in kJ mol-1 for anion reactions 
3a - 7a.

∆Hr ∆Gr

Reaction PBE0 MP2(CBS) CCSD(T) (CBS) PBE0 MP2(CBS) CCSD(T) (CBS)
(3a) -178.5 -200.1 -198.0 -134.5 -156.1 -154.0
(4a) -75.9 -70.0 -80.3 -35.2 -29.4 -39.6
(5a) -58.8 -50.2 -60.2 -22.2 -13.6 -23.6
(6a) -231.5 -278.5 -236.6 -182.0 -229.0 -214.0
(7a) -180.9 -192.5 -190.7 -131.7 -143.3 -141.5

The neutral results in Table 1 reveal that for all employed levels of theory, and considering both 

enthalpy and free energy, the reactions are most exothermic for formation of cis-CH3OSO• (reaction 4) 

and C6H5OSO• (reaction 7), which indicates that these are the most stable configurations of the neutral 
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molecules. In contrast, the anion results in Table 2 show that the reactions are most exothermic for 

formation of CH3SO2
- (reaction 3a) and C6H5SO2

- (reaction 6a). The substantial shift in isomer stability 

from neutral to anion largely reflects the higher electron affinity of oxygen versus sulfur, which favors R-

OSO• in the neutrals whereas R-SO2
- in the anions. At all three levels of theory employed for the neutrals, 

for the most stable structure the BDE[C6H5-OSO•] (from reaction 7) is greater than BDE[CH3-OSO•] 

(from reaction 4) by more than 50 kJ mol-1. At the PBE0, MP2(CBS) and CCSD(T)(CBS) levels used for 

both anionic species, for the most stable structure the BDE[C6H5-SO2
-] (from reaction 6a) is greater than 

BDE[CH3-SO2
-] (from reaction 3a), also by more than 50 kJ mol-1. As was expected based on other types 

of molecules, both the Cphenyl-O and Cphenyl-S bonds are substantially stronger than the corresponding 

Cmethyl-O and Cmethyl-S bonds.

The relative energies of the anion isomers are summarized in Table 3, with the corresponding 

structures shown in Figure 1. Given the clearly higher stabilities of anion isomers CH3SO2
- and C6H5SO2

- 

with C-SO2 connectivities, only these structures are considered below for sulfinate ligands bound to 

actinyl cations. If these RSO2 were somehow to serve as neutral ligands, then the lowest energy ligand 

structures should instead have an R-OSO connectivity. It is however doubtful that interconversion 

between the two isomeric structures is facile. Because the experiments here employed sodium sulfinates, 

RSO2Na, as the ligand sources, the ligands can confidently be considered as anionic R-SO2
- based on both 

thermodynamic and kinetic considerations.

Table 3. Energies ∆E and Gibbs free energies ∆G at 298.15 K in kJ mol-1 relative to the most stable 
isomers CH3SO2

-, and C6H5SO2
- computed at the PBE0, MP2(CBS) and CCSD(T) levels.

PBE0 MP2 (CBS) CCSD(T) (CBS) PBE0 MP2 (CBS) CCSD(T) (CBS)

CH3SO2
- 0.0 0.0 0.0 0.0 0.0 0.0

cis-CH3OSO- 100.7 128.3 115.9 99.2 126.8 114.4
trans-CH3OSO- 118.5 148.7 136.6 112.3 142.6 130.4

C6H5SO2
- 0.0 0.0 0.0 0.0 0.0 0.0

C6H5OSO- 51.2 86.7 73.5 50.3 85.7 72.5
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(a)
CH3SO2

-

[0.0]

(d)
C6H5SO2

-

[0.0]

(b)
cis-CH3OSO-

[115.9]

(c)
trans-CH3OSO-

[136.6]

(e)
C6H5OSO-

[73.5]

Figure 1. Perspective views of the most stable isomers of CH3SO2
- and C6H5SO2

-, with relative energies  
∆E, in kJ mol-1, computed at the CCSD(T)(CBS) level of theory in square brackets.

Chemistry of [AnO2(CH3SO2)2]- and [AnO2(C6H5SO2)2]- (An = Np, Pu)

Collision induced dissociation and ion-molecule reactions

Experimental results for sulfinate complexes of An = Np and Pu are shown in Figures 2-4. The 

results for the An = Np and the corresponding An = Pu complexes are essentially the same. From Figure 

2 it is apparent that the primary CID reaction for [AnO2(CH3SO2)2]- is elimination of CH3 to yield 

[AnO2(CH3SO2)(SO2)]- as given by reaction (8). Also apparent in Figure 2 is a small peak that 

corresponds to replacement of SO2 by O2 that is inherently present as a background gas, i.e. reaction (9). 

Reaction of isolated [AnO2(CH3SO2)(SO2)]- with background gases at T~300 K—results shown in 

Figure 3—confirm that ion-molecule reaction (9) is exothermic and occurs spontaneously under these 

low-energy conditions. The CID results for [AnO2(C6H5SO2)2]- in Figure 4 indicate reaction (11) as the 

dominant pathway, which is very different from the ligand cleavage seen for [AnO2(CH3SO2)2]-. In 

particular, reaction (10), which is the analog of reaction (8), was not observed. The reactant water 

molecule that appears in CID reaction (10) is present as a background gas in the ion trap, like the O2 

reagent that is manifested in the results in Figure 3 and appears in reaction (9). It should be noted that 

the products apparent in Figure 4 were not observed in the absence of an applied CID voltage (see Figure 

S3). 
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[AnO2(CH3SO2)2]-➝ [AnO2(CH3SO2)(SO2)]- + CH3
• (8)

[AnO2(CH3SO2)(SO2)]- + O2 ➝ [AnO2(CH3SO2)(O2)]- + SO2 (9)

[AnO2(C6H5SO2)2]- ➝ [AnO2(C6H5SO2)(SO2)]- + C6H5
• (10)

[AnO2(C6H5SO2)2]- + H2O ➝ [AnO2(C6H5SO2)(OH)]- + C6H5SO2H (11)

An alternative to bimolecular CID reaction (11) is unimolecular CID reaction (12), followed by 

hydrolysis reaction (13) such as has been observed for other gas-phase organoactinyl complexes.36 

Previous computational results for [UO2(C6H5SO2)2]- indicated that non-observed CID elimination of 

SO2 to yield [UO2(CH3SO2)(CH3)]- is substantially more endothermic than observed elimination of CH3 

as in reaction (8) (An = U).9 It would similarly be anticipated that SO2 elimination from 

[UO2(C6H5SO2)2]- should be significantly higher energy than alternative C6H5 elimination.  The general  

tendency of very oxophilic actinides in general, and uranium in particular, to form An-O in preference 

to An-C bonds contrasts with relatively facile formation of organocuprate and other d-block transition 

metal organometallic complexes.7 In support of the expectation—and conclusion—that reaction (12) 

does not occur for An = Np or Pu, close examination of the CID mass spectra in Figure 4 reveals no 

detectable [AnO2(C6H5SO2)(C6H5)]- (see Figure S4).

[AnO2(C6H5SO2)2]- ➝ [AnO2(C6H5SO2)(C6H5)]- + SO2 (12)

[AnO2(C6H5SO2)(C6H5)]- + H2O ➝ [AnO2(C6H5SO2)(OH)]- + C6H6 (13)

The CID results are in accord with the simple motivating predictions outlined above. In particular, 

it was expected that the CH3-SO2 bond would be weaker and thus both thermodynamically and kinetically 

more susceptible to cleavage than the C6H5-SO2 bond. The computational results presented above confirm 

that the C-S bond in methanesulfinate anion is substantially weaker than that in benzenesulfinate anion. 

The CID results confirm that methanesulfinate C-S cleavage reaction (8) is observed whereas 

benzenesulfinate C-S cleavage reaction (10) is not. Described below are computational assessments of 

these reactions and the species involved. Also computationally assessed are observed reactions (9) and 

(11), with focus on the overall energetics and the nature of the products [AnO2(CH3SO2)(O2)]- and 

[AnO2(C6H5SO2)(OH)]-. Because reactions (8) and (9) were previously also reported for An = U,9 

computations were likewise performed for the related uranium complexes along with those of neptunium 

and plutonium that were the focus of the experiments reported here.

Page 9 of 25 Dalton Transactions



10

m/z

[NpO2(CH3SO2)]2
-

[NpO2(CH3SO2)(SO2)]-

CID of Np/PuO2(CH3SO2)2
-

[NpO2(CH3SO2)(O2)]-

-CH3

-CH3

+O2 / -SO2  

+O2 / -SO2  

350 370 390 410 430 450

Io
n 

In
te

ns
ity

a

a = PuO2(SO2)(OH)(H2O)-

b = PuO2(CH3SO2)(OH)2
-

c = PuO2(CH3SO2)(SO2)(H2O)-

[NpO2(CH3SO2)(OH)]-

[PuO2(CH3SO2)]2
-

[PuO2(CH3SO2)(SO2)]-

[PuO2(CH3SO2)(OH)]-

b c

[PuO2(CH3SO2)(O2)]-

Figure 2. CID mass spectra for [NpO2(CH3SO2)2]- (top) and [PuO2(CH3SO2)2]- (bottom) with primary 
CH3 eliminations and secondary reactions with O2 as indicated. Also identified are sulfinate hydroxides; 
and a [PuO2(SO2)(OH)(H2O)]-, b [PuO2(SO2)(O2)(OH)]-, and c [PuO2(CH3SO2)(SO2)(H2O)]-.

m/z

[PuO2(CH3SO2)(SO2)]-

[NpO2(CH3SO2)(O2)]-

[PuO2(CH3SO2)(O2)]-

Mass selection of Np/PuO2(CH3SO2)(SO2)-

[NpO2(CH3SO2)(SO2)]-t = 0.05 s

t = 0.25 s

t = 0.25 s

t = 0.05 s

+ O2 / - SO2  

+ O2 / - SO2  

360 380 400 420 440

Io
n 

In
te

ns
ity

Figure 3. Mass spectra acquired after reactions of [NpO2(CH3SO2)(SO2)]- (top two spectra) and 
[PuO2(CH3SO2)(SO2)]- (bottom two spectra) with background O2 in the ion trap for 0.05 s and 0.25 s, as 
indicated.
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m/z

[PuO2(C6H5SO2)]2
-

[PuO2(C6H5SO2)(OH)]-

[PuO2(OH)2]-

[NpO2(C6H5SO2)(OH)]-

[NpO2(C6H5SO2)]2
-

[NpO2(OH)2]-

CID of Np/PuO2(C6H5SO2)2
-

+ H2O / - C6H5SO2H

+ H2O / - C6H5SO2H

+ H2O / - C6H5SO2H

+ H2O / - C6H5SO2H
[PuO2(C6H5SO2)(SO2)]-

[NpO2(C6H5SO2)(SO2)]-

280 330 380 430 480 530 580

Io
n 

In
te

ns
ity

Figure 4. CID mass spectra for [NpO2(C6H5SO2)2]- (top) and [PuO2(C6H5SO2)2]- (bottom). Hydrolysis 
reactions and products are as indicated. Also indicated are where non-observed ligand fragmentation 
products in italics would have appeared.

Computed geometries and ground-state electronic configurations

The geometries of the actinyl-SO2 complexes optimized at the PBE0 level of theory are reported 

in Table 4 and shown in Figure 5 for exemplary cases. The structures shown for the U(V) complexes in 

Figure 5, (a)-(d) and (f), are essentially the same as those for the corresponding Np(V) and Pu(V) 

complexes. The uranyl(VI) complex in Fig. 5 (e) is distinctive, with the corresponding O2 adducts for 

neptunyl(V) and plutonyl(V) exhibiting the structure shown in Fig. 5 (g). Most complexes have a linear 

or nearly linear actinyl unit, with the largest deviation found for [UVIO2(CH3SO2)(O2)]- for which the Oyl-

An-Oyl angle is bent to 169.2° from the linear angle of 180°. In most complexes having ionic radical 

ligands SO2
- or O2

-, the spin coupling is low-spin antiferromagnetic; the distinctive exception is high-spin 

ferromagnetic quintet [PuVO2(CH3SO2)(O2)]- complex.
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Table 4. Selected interatomic distances (Å), angles (deg), and asymmetric Oyl–An–Oyl frequencies (cm-

1) of the geometries optimized at the PBE0 level of theory for the complexes, for the most stable oxidation 
states and dominant spin-multiplicities in the SO-XMS-CASPT2 wave-functions.

Molecule Multiplicity
(2S+1)

r(An-
Oyl)

θ(Oyl)-
An-Oyl)

νas(An-
Oyl)

r(An-
OSO2)

r(An-
OSO2-R)

r(An-O2)/ 
r(O-O)

[UVO2(CH3SO2)2]- 2 1.800 180.0 871 2.523
[UVO2(C6H5SO2)2]- 2 1.811 180.0 871 2.532
[UVO2(CH3SO2)(SO2)]- 3 1.794 179.7 886 2.550 2.516
[UVO2(C6H5SO2)(SO2)]- 3 1.806 179.6 886 2.554 2.532
[UVIO2(CH3SO2)(O2)]- 1 1.782 172.4 915 2.540 2.137/1.417
[UVO2(C6H5SO2)(OH)]- 2 1.815 169.2 845 2.558
[NpVO2(CH3SO2)2]- 3 1.780 180.0 891 2.532
[NpVO2(C6H5SO2)2]- 3 1.771 180.0 892 2.519
[NpVO2(CH3SO2)(SO2)]- 2 1.775 179.6 905 2.558 2.523
[NpVO2(C6H5SO2)(SO2)]- 2 1.775 179.7 906 2.546 2.528
[NpVO2(CH3SO2)(O2)]- 2 1.778 177.7 895 2.541 2.358/1.310
[NpVO2(C6H5SO2)(OH)]- 3 1.790 173.9 874 2.566
[PuVO2(CH3SO2)2]- 4 1.759 180.0 901 2.517
[PuVO2(C6H5SO2)2]- 4 1.759 180.0 902 2.516
[PuVO2(CH3SO2)(SO2)]- 3 1.755 179.8 914 2.542 2.509
[PuVO2(C6H5SO2)(SO2)]- 3 1.753 177.5 918 2.543 2.533
[PuVO2(CH3SO2)(O2)]- 5 1.767 179.5 909 2.526 2.373/1.304
[PuVO2(C6H5SO2)(OH)]- 4 1.769 176.5 888 2.549
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Figure 2

(a) [UVO2(CH3SO2)2] – (b) [UVO2(C6H5SO2)2] – (c) [UVO2(CH3SO2)(SO2)] –

(d) [UVO2(C6H5SO2)(SO2)] – (e) [UVIO2(CH3SO2)(O2)] – (f) [UVO2(C6H5SO2)(OH)] –

(g) [NpVO2(CH3SO2)(O2)] –

Figure: Perspective views of the uranium complexes and the neptunium
[NpV(CH3SO2)(O2)] –Figure 5. Perspective views of the uranium complexes, and neptunium complex 

[NpVO2(CH3SO2)(O2)]-. The structures for the complexes with An = Np and Pu are essentially the 
same as those shown for An = U in (a), (b), (c), (d) and (f). The structure for An = Pu is essentially 
the same as that shown for An = Np in (g).

Most of the uranyl complexes contain pentavalent U, with the exception of 

[UVIO2(CH3SO2)(O2)]-, which is closed-shell singlet U(VI) coordinated by a bidentate peroxide 

O2
2- and a sulfinate CH3SO2

-. The O-O bond length of 1.417 Å in this U(VI) complex is consistent 

with that of a peroxide, and the uranyl asymmetric stretch frequency is blue shifted by about 30 to 

40 cm-1 with respect to the U(V) complexes. For uranyl complexes that differ only by swapping 

the CH3SO2
• and C6H5SO2

• ligands, the U-OSO2-R distances are similar to within <0.02 Å, which 

confirms the expected similar uranium-ligand bonding for different sulfinates.

All of the considered neptunyl and plutonyl complexes have a pentavalent actinide center. 

The alternative [AnO2(CH3SO2)(O2)]- peroxide with electronic configurations corresponding to 

An(VI) were found to be unstable, converging instead to An(V). In the [AnVO2(CH3SO2)(O2)]-, 

the dioxo ligand is a superoxide O2
- with accordingly short O-O distances (1.310 Å for An = Np; 
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1.304 Å for An = Pu). The [AnVO2(CH3SO2)2]-, [AnVO2(C6H5SO2)2]-, and 

[AnVO2(C6H5SO2)(OH)]- complexes have high-spin ground-states—triplet for An = Np and 

quartet for An = Pu—that correspond respectively to two and three unpaired electrons localized in 

the non-bonding actinide 5fφ and 5fδ orbitals.

The nature of the electronic ground states of the complexes with a O2
- superoxo or SO2

- 

radical depends on the actinide center, as revealed by the results in Table 5 and by the NSOs drawn 

in Figure 6, together with their spin occupations. For the U(V), Np(V) and Pu(V) complexes there 

are respectively one, two and three spin-parallel non-bonding 5f electrons, designated as f1,α, f2,α 

and f3,α. The radical ligand electron can then exhibit parallel spin, designated Lα, to yield a high-

spin ferromagnetic (FM) complex, or an anti-parallel spin, Lβ, to yield a low-spin anti-FM (AFM) 

complex. Complexes [UVO2(CH3SO2)(SO2)]- and [UVO2(C6H5SO2)(SO2)]- have GSs dominated 

by triplet spin-free state that corresponds to FM coupling. However, the AFM singlet states are 

only 0.15 kJ mol-1 high energy, which is smaller than the computational uncertainty and indicates 

only minor magnetic coupling. In the corresponding neptunium and plutonium complexes the GS 

is dominated by AFM coupling to yield doublet for An =  Np and triplet for An = Pu (see Figure 

6 (a), (b), and (d)). The high-spin FM states lie only about 2.9 kJ mol-1 higher for An = Np, but 

19-23.9 kJ mol-1 higher for An = Pu. The results for complexes with an O2
- superoxide radical 

ligand are particularly intriguing. For [NpO2(CH3SO2)(O2)]- the GS is again AFM doublet, in 

which the two spins localized on neptunyl are antiferromagnetically coupled with the superoxide 

radical spin; the FM quartet state lies 12.7 kJ mol-1 higher energy. However, for 

[PuO2(CH3SO2)(O2)]- the GS is FM quintet with the AFM triplet state only 2.3 kJ mol-1 higher 

energy. Thus, the GS of the PuV complex with an SO2
- ligand is low-spin AFM triplet, whereas 

with an O2
- ligand it is high-spin FM quintet; the energy shifts from favoring AFM by 19.0 kJ 

mol-1 to favoring FM by 2.3 kJ mol-1. The latter energy is sufficiently small that the actual GS 

could be AFM, with the energies at this level of accuracy possibly skewed due to strong interplay 

between electron correlation effects and spin-orbit interactions. Notably, AFM coupling was 

similarly reported for [AnO3(NO3)2]- 37 and AnS2
+ complexes.38 To explain the change from FM 

to AFM coupling, the degree of covalency of the An-SO2 bonds in [UVO2(CH3SO2)(SO2)]- and 

[NpVO2(CH3SO2)(SO2)]- was investigated by the quantum theory of atoms in molecules (QTAIM). 

In the results presented in Table 6, the localization indices λ(An) represents the numbers of 
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electrons localized on the actinide centers, and so Z(An)- λ(An), the difference to the atomic 

number corresponds to the number of electrons donated and/or shared by the An atom, and might 

give a measure of the formal oxidation state. It is close to +5 in both complexes, though larger in 

U than in Np. This suggests that UV forms slightly more covalent bond than NpV to its SO2 ligand. 

This is further apparent in the values of the density ρ, its Laplacian ∇2ρ and the kinetic energy at 

the An-SO2 bond critical points, as they are all larger in the U-complex than in the Np one. This 

evidently favors FM coupling in the UV-complex versus AFM coupling in the latter.

Table 5. Energy relative to the electronic ground-state (GS) of the lowest-lying state with different 
spin. The GS configuration is characterized as fn,SLS where S = α or β is the spin of non-bonding 
electrons in  actinide  5f  and radical ligand orbitals. Energy gap ΔE between high-spin 
(ferromagnetic, FM) and low-spin (anti-ferromagnetic, AFM) is the coupling between 5f and 
ligand electrons.

Molecule GS-mult Config. lowest alternate spin 
state (alt.)

ΔE[GSalt.] 
(cm-1/ kJ mol-1)

[UVO2(CH3SO2)(SO2)]- triplet (FM) f1,αLα singlet (AFM) 13 / 0.15
[UVO2(C6H5SO2)(SO2)]- triplet (FM) f1,αLα singlet (AFM) 13 / 0.15
[NpVO2(CH3SO2)(SO2)]- doublet (AFM) f2,αLβ quartet (FM) 239 / 2.9
[NpVO2(C6H5SO2)(SO2)]- doublet (AFM) f2,αLβ quartet (FM) 241 / 2.9
[NpVO2(CH3SO2)(O2)]- doublet (AFM) f2,αLβ quartet (FM) 1065 / 12.7
[PuVO2(CH3SO2)(SO2)]- triplet (AFM) f3,αLβ quintet (FM) 1586 / 19.0
[PuVO2(C6H5SO2)(SO2)]- triplet (AFM) f3,αLβ quintet (FM) 2000 / 23.9
[PuVO2(CH3SO2)(O2)]- quintet (FM) f3,αLα triplet (AFM) 193 / 2.3
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Figure 6. Selected Natural Spin Orbitals NSOs along the z-Oyl direction for SO ground state of (a) 
[NpVO2(CH3SO2)(SO2)]-; (b) [PuVO2(CH3SO2)(SO2)]-; (c) [NpVO2(CH3SO2)(O2)]-; (d) 
[PuVO2(C6H5SO2)(SO2)]-, with indicated occupation numbers nz. Isosurface values are ±0.03 au.

Table 6. QTAIM characteristics of the An–SO2 bond critical point (BCP) in ferromagnetically 
coupled [UVO2(CH3SO2)(SO2)]- and anti-ferromagnetically coupled [NpVO2(CH3SO2)(SO2)]-. ρb 
is the density at the BCP, ∇2ρb is the Laplacian of the density, δ(An-L) is the delocalization index, 
λ(An) the localization index on the actinide center, and Z- λ(An) the difference between the atomic 
number and λ(An).

BCP [UVO2(CH3SO2)(SO2)]- [NpVO2(CH3SO2)(SO2)]-

ρb/ e3 a0
-1 0.045 0.044

∇2ρb / e a0
-5 0.183 0.181

δ(An-L) 0.272 0.267
λ(An) 86.8 88.1

Z- λ(An) 5.2 4.9
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Computed reaction energies and comparison with experimental observations

Reaction enthalpies computed for reactions (8) to (11) at various levels of theory—B3LYP, 

PBE0, CASSCF, XMS-CASPT2 (PT2) and SO-XMS-CASPT2 with SO (PT2+SO)—are in Table 

7. Energies from DFT using B3LYP or PBE0 functional deviate from CASPT2 values by up to ca. 

80 kJ mol-1. The inaccuracies of these functionals for energetics is probably due to self-interaction 

errors, combined with the lack of treatment the multireference character of the wave-functions. 

For uranium, spin-orbit coupling is negligible for reactions (8), (10) and (11) which have U(V) in 

both reactants and products. However, for reaction (9)—oxidation from open-shell 5f1 U(V) to 

closed-shell 5f0 U(VI)—stabilization of the reactant due to SO coupling diminishes the 

exothermicity by 31.5 kJ mol-1. As the trends in reaction energies are the same for all employed 

levels of theory, we focus on the energies obtained using CASPT2+SO.

Table 7. Reaction enthalpies ΔHr at 298.15 K in kJ mol-1 for reactions (8) to (11) computed at 
various levels of theory. The spin-orbit contribution (∆) is in parenthesis.

Reaction B3LY
P

B3LYP
9

PBE0 CASSCF PT2 PT2+SO (Δ)

Uranyl
(8) 172.8 162.0 196.2 143.5 178.6 177.8 (-0.8)
(9) -48.0 -18.0 -33.3 52.0 -122.7 -91.2 (31.5)
(10) 206.5 N/A 229.1 178.7 230.6 228.5 (-2.1)
(11) 119.8 N/A 117.7 144.1 145.9 145.9 (0.0)

Neptunyl
(8) N/A N/A 194.9 142.0 176.1 174.8 (-1.3)
(9) N/A N/A -10.0 -54.0 -47.5 -36.8 (10.7)
(10) N/A N/A 226.7 178.7 224.2 225.7 (1.5)
(11) N/A N/A 125.8 151.7 149.8 148.7 (-1.9)

Plutonyl
(8) N/A N/A 193.4 141.6 162.0 165.3 (3.3)
(9) N/A N/A 27.6 -52.8 -24.5 0.9 (25.4)
(10) N/A N/A 241.1 186.5 206.0 218.9 (12.9)
(11) N/A N/A 135.4 158.1 158.1 155.3 (-2.8)
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It was previously reported that CID reaction (8) occurs for An = U, and it was shown here 

(Fig. 2) that is also occurs for An = Np and Pu. The computed reaction (8) energies are similar 

for all three An, to within 10 kJ mol-1, reflecting that they all correspond to cleavage of a CH3-

SO2
• bond to convert a CH3SO2

- ligand to a SO2
- ligand. Referring to Table 4, the An-OSO2-CH3 

and An-OSO2 distances differ by only ca. 0.03 Å, indicating similar actinide-ligand bonding in the 

reactants and products. The substantial endothermicities for reaction (8) should thus be dominated 

by CH3-SO2 bond dissociation energy (BDE). Accordingly, the computed energies for reaction 

(8), 165-178 kJ mol-1 are only slightly smaller than the BDE[CH3-SO2
-] reported in Table 2 for 

reaction (3a) (i.e., BDE = 198 kJ mol-1 using CCSD(T)).

Spontaneous reaction (9) was previously reported for An = U, and was observed here for 

An = Np and Pu. The results in Table 7 indicate that this reaction is substantially exothermic for 

An = U, moderately exothermic for An = Np, and nearly thermoneutral for An = Pu. For the last 

case the computed ΔHr of only 0.9 kJ mol-1 is within the available energy at the reaction 

temperature of  ~300 K, such that observed reaction (9) is computationally predicted to occur for 

all three An. As noted above, the products of reaction (9) are U(VI) peroxide but Np(V) and 

Pu(V) superoxides. The standard An(VIV) reduction potentials, E0[VI/V], provide estimates 

of the relative energies for reaction (9) if the replaced SO2
- ligand is a O2

2- peroxide, with resultant 

oxidation from An(V) to An(VI). Compared with oxidation of U(V) to U(VI), that of Np(V) to 

Np(VI) is ca. 104 kJ mol-1 less favorable and that of Pu(V) to Pu(VI) is ca. 82 kJ mol-1 less 

favorable.11 As a result of their higher reduction potentials, E0[VI/V], the energetically favored 

reactions and products are An(V) superoxides, rather than An(VI) peroxides, for An = Np and 

Pu.

A starting premise of this investigation was that the R-SO2 bond strength would exert 

control over the observed CID fragmentation. Indeed, the CID results above (Fig. 4) show that 

reaction (10) is not observed for An = Np and Pu (An = U was not studied), whereas reaction (8) 

is. The results reported in Table 2 indicate that BDE[C6H5-SO2
-] is ca. 78 kJ mol-1 greater than 

BDE[CH3-SO2] (using the MP2(CBS) values). For comparison, the computed energies for 

reaction (10) are ca. 50 kJ mol-1 higher than for reaction (8), a difference that can be attributed 

primarily to the 78 kJ mol-1 stronger R-SO2 bond energy in benzenesulfinate. The experimental 

and computational results thus demonstrate that an increase in the sulfinate C-S bond energy 

Page 18 of 25Dalton Transactions



19

essentially shuts off the ligand fragmentation pathway upon changing the ligand from CH3SO2
- 

to C6H5SO2
-.

The CID process that was observed for [AnO2(C6H5SO2)2]- (An = Np, Pu) was not simple 

unimolecular ligand fragmentation reaction (10) but instead bimolecular hydrolysis reaction (11). 

Compared with reaction (10), the computed energies for observed reaction (11) are 77 kJ mol-1 

and 64 kJ mol-1 lower for An = Np and Pu, respectively. The energies required for reaction (11), 

ca. 150 kJ mol-1, are slightly lower than those for observed reaction (8), and are thus well within 

the energy available to the reaction system under these CID conditions. For completeness, we 

note that simple unimolecular neutral ligand elimination absent a reactive water molecule, 

reaction (14), was not observed. This process would result in the indicated reduction of the 

actinide center from An(V) to An(IV). Observed hydrolytic ligand elimination reaction (11) 

retains the An(V) oxidation state, as well as a non-radical sulfinate anion, which evidently favors 

this process over reaction (14).  Another reasonable possibility is CID reaction (15), elimination 

of a sulfinate anion. As the instrumental low-mass CID cutoff—ca. 150 m/z for 

[AnVO2(C6H5SO2)2]-—is slightly above the ligand mass of 141 Da, reaction (15) would not have 

been detected in our experiments. Although reaction (15) may have occurred, the inability to 

observe it does not whatsoever invalidate the certain occurrence of reaction (11), nor 

interpretations associated with that reality. 

[AnVO2(C6H5SO2)2]-  ➝ [AnIVO2(C6H5SO2)]- + C6H5SO2
• (14)

[AnVO2(C6H5SO2)2]-  ➝ [AnVO2(C6H5SO2)] + C6H5SO2
- (15)

Conclusions

DFT (PBE0), MP2, and CCSD(T) computations show that the lowest energy structures of 

bare neutral and anionic sulfinates are different. The neutrals exhibit C-O-S-O connectivity in 

CH3OSO• and C6H5OSO•, whereas the anions exhibit C-SO2 connectivity in CH3SO2
- and 

C6H5SO2
-, the latter being the relevant structures when the moieties are ligands complexed to 

electropositive metal centers such as actinides. The computed bond dissociation energies (BDEs) 

confirm the empirically based prediction that BDE[C6H5-SO2
-] is substantially greater than 

BDE[CH3-SO2
-].
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Collision induced dissociation (CID) of neptunyl(V) and plutonyl(V) sulfinate complexes 

resulted in different fragmentation pathways that reflect the strength of the C-S bond in the ligand. 

CID of [AnVO2(CH3SO2)2]- resulted in C-S bond cleavage with CH3 elimination to afford 

[AnVO2(CH3SO2)(SO2)]-  for An = Np and Pu. CID of the corresponding [AnVO2(C6H5SO2)2]- 

complexes contrastingly resulted in reaction with a water molecule to produce C6H5SO2H and 

[AnVO2(CH3SO2)(OH)]-. Complete active space computations show that the difference in 

chemistry for the two sulfinate ligands—C-S cleavage for CH3SO2
• versus ligand elimination for 

C6H5SO2
•—stems from the disparate C-S bond energies identified for the bare sulfinate anions. 

The results demonstrate rational control of decomposition chemistry, which might be applicable 

to condensed phase systems. For example, thermal decomposition of an actinide methanesulfinate 

could be a source of sulfur dioxide materials whereas the corresponding benzenesulfinate should 

be more prone to react with ambient water to yield hydroxides. More generally, methanesulfinate 

is expected to be a better source of radical C• for carbon-carbon coupling.

The two [AnVO2(CH3SO2)(SO2)]- (An = Np, Pu) generated by CID reacted with O2 in an 

ion trap to displace SO2 and yield [AnO2(CH3SO2)(O2)]- where the oxidation state of the actinide 

may reasonably be An(V) with a superoxide O2
- ligand, or An(VI) with a peroxide O2

2- ligand. A 

similar SO2/O2 exchange reaction was previously reported for [UVO2(CH3SO2)(SO2)]- giving 

[UVIO2(CH3SO2)(O2)]-, where oxidation of U(V) to U(VI) peroxide was indicated by 

computations. Computations here show that for An = Np and Pu, the complexes are instead 

superoxides [AnVO2(CH3SO2)(O2)]-. The different chemistry of uranium versus neptunium and 

plutonium with the redox-active O2 ligand reflects the relatively easier oxidation from U(V) to 

U(VI). This is a case where essential actinide behavior is revealed in small gas-phase complexes, 

demonstrating the utility of such systems and approaches for elucidating chemistry with only very 

small amounts of materials such as may be available for heavier and scarcer actinide and 

transactinide elements. 

SUPPORTING INFORMATION
ESI mass spectra for actinyl methanesulfinate and benzenesulfinate solutions. Mass spectrum after 
isolation of[NpO2(C6H5SO2)2]- and [PuO2(C6H5SO2)2]- with no applied CID voltage. Y-axis Zoom 
of portions of the mass spectra in Figure 4. Natural Spin Orbitals for [UO2(CH3SO2)(SO2)]- and 
[NpO2(C6H5SO2)(SO2)]-. Table with the reaction enthalpies of Table 7 converted in eV. The 

Page 20 of 25Dalton Transactions



21

Cartesian coordinates of all species, along with the input and output files of the quantum chemical 
calculations presented in this study are openly available in Zenodo at DOI: 
10.5281/zenodo.3600559.  
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Adjusting intra-ligand bond strengths in actinide sulfinate complexes directs towards alternative 
cleavage of  carbon-sulfur or actinide-sulfinate bonds. 
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