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Figure S1. Gas manifold for introduction of liquid reagents for gas-phase reactions with ions 
stored in the linear ion trap mass spectrometer.  

Figure S2. The product ion spectra generated by isolation (MS6 stage) of [OUCH]+ for reaction 
with background H2O and O2 in the ion trap: (a) 1 ms isolation time, (b) 10 ms isolation time, (c) 
100 ms isolation time and (d) 1 s isolation time.

Figure S3. Structures of minima and transition states identified for reaction of [OUCH]+ with 
H2O and O2.  Structures were optimized at M06L/MWB60/aug-cc-pvtz level of theory.

Figure S4. Structures of minima and transition states identified for reaction of [OUCH]+ with 
CH3C≡N.  Structures were optimized at M06L/MWB60/aug-cc-pvtz level of theory.

Figure S5. MSn CID spectra derived from [UO2(O2C-C≡CH)(H2O)2]+ precursor ion: (a) 
dissociation (MS/MS) stage of [UO2(O2C-C≡CH)(H2O)2]+, (b) dissociation (MS3 stage) of 
[UO2(O2C-C≡CH)(H2O)]+, (c) dissociation (MS4 stage) of [UO2(O2C-C≡CH)]+ and (d) dissociation 
(MS5 stage) of [UO2(C≡CH)]+. Ions isolated for dissociation are shown in bold font, product ions 
are identified with italicized font.

Figure S6. Structures of minima and transition states identified for creation of [OUCH]+ from 
[UO2(C≡CH)]+ by collision-induced dissociation.  Structures were optimized at 
M06L/MWB60/aug-cc-pvtz level of theory.

Table S1.  Electronic energies, zero point corrections and zero-point energy corrected electronic 
energies (in hartree) for minima and transition state structures relevant to reaction of [OUCH]+ 
with H2O and O2.  Calculations performed as described in text.

Table S2. Electronic energies, zero point corrections and zero-point energy corrected electronic 
energies (in hartree) for minima and transition state structures relevant to reaction of [OUCH]+ 
with CH3C≡N. Calculations performed as described in text.

Table S3. Electronic energies, zero point corrections and zero-point energy corrected electronic 
energies (in hartree) for minima and transition state structures relevant to formation of 
[OUCH]+ by CID of [UO2(C≡CH)]+. Calculations performed as described in text.
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Figure S1.  The gas manifold on the buffer gas inlet 
of the ion trap instrument (labels below refer to this 
figure) to allow the mixing of reagents with the 
helium buffer gas before introduction into the ion 
trap at (a).  The new manifold allows addition of 
liquid reagents.  The liquid reagents enter the system 
from a metered syringe pump (d), where they 
evaporate.  The partial pressure of these rea-gents 
may be controlled through the syringe pump rate, 
the helium flow rate, and by heating or cooling the 
manifold, which is done by wrapping the manifold 
tubing with a temperature-controlled water coil 
(dashed boxes in the figure).  Upon further 
modification, gaseous reagents will be added 
directly through a separate port (b).  All of the gas 
ports are controlled by precision needle valves (N), 
which provide control of the flow rates.  The helium 
buffer gas flow rate is monitored with a mass flow 
meter (F) and flow is controlled by the needle valve 
to the exhaust line (c).  When operating the mass 
spectrometer without additional reagents, three-way 
valves (T) route the buffer gas through a clean 
section of tubing.  The reagent pathway may be 
purged by flushing with clean gas (e.g. nitrogen) 
into a vacuum pump (f). The vacuum pump is preceded by a cold trap to aid in the removal of 
volatile reagents.  The entire manifold is constructed from stainless steel tubing and 
components using compression fittings so that it may be periodically removed and baked in an 
oven for cleaning.
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Figure S2. The product ion spectra generated by isolation (MS6 stage) of [OUCH]+ for reaction 
with background H2O and O2 in the ion trap: (a) 1 ms isolation time, (b) 10 ms isolation time, (c) 
100 ms isolation time and (d) 1 s isolation time.
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Figure S3.  Structures of minima and transition states identified for reaction of [OUCH]+ with 
H2O and O2.  Structures were optimized at M06L/MWB60/aug-cc-pvtz level of theory.
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Figure S4. Structures of minima and transition states identified for reaction of [OUCH]+ with 
CH3C≡N.  Structures were optimized at M06L/MWB60/aug-cc-pvtz level of theory.
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Figure S5. MSn CID spectra derived from [UO2(O2C-C≡CH)(H2O)2]+ precursor ion: (a) 
dissociation (MS/MS) stage of [UO2(O2C-C≡CH)(H2O)2]+, (b) dissociation (MS3 stage) of 
[UO2(O2C-C≡CH)(H2O)]+, (c) dissociation (MS4 stage) of [UO2(O2C-C≡CH)]+ and (d) dissociation 
(MS5 stage) of [UO2(C≡CH)]+. Ions isolated for dissociation are shown in bold font, product ions 
are identified with italicized font.
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Figure S6. Structures of minima and transition states identified for creation of [OUCH]+ from 
[UO2(C≡CH)]+ by collision-induced dissociation.  Structures were optimized at 
M06L/MWB60/aug-cc-pvtz level of theory.
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Table S1.
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Table S2.
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Table S3
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DESCRIPTION OF EXPERIMENTAL METHODS

Sample Preparation

Methanol (CH3OH), acetonitrile (CH3C≡N) and isotopically labeled (18O) H2O were 

purchased from Sigma-Aldrich Chemical (St. Louis, MO) and used as received.   A sample of 

uranyl propiolate was prepared by combining 2-3 mg of (natural abundance) UVIO3 (Strem 

Chemicals, Newburyport MA), corresponding to approximately 7 x 10-6 to 1 x 10-5 moles, with a 

2-fold mole excess of propiolic acid (Sigma Aldrich, St. Louis MO) and 400 L of 

deionized/distilled H2O in a glass scintillation vial.  The solutions were allowed to incubate on a 

hot plate at 70°C for 12 hours.  Caution:  uranium oxide is radioactive (- and -emitter), and proper 

shielding, waste disposal and personal protective gear should be used when handling the material.  When 

cooled, 20 L of the resulting solution was diluted with 800 L of 90:10 (by volume) H2O: 

CH3OH and used without further work up as the spray solution for ESI-MS.  The methanol co-

solvent was necessary to create stable spray conditions for ion formation. 

Mass Spectrometry Experiments

ESI and CID experiments were performed on a ThermoScientific (San Jose, CA) LTQ-XL 

linear ion trap (LIT) mass spectrometer.  Solutions for ESI were infused into the instrument 

using the incorporated syringe pump at a flow rate of 5 L/min.  The atmospheric pressure 

ionization stack settings of the LTQ-XL (lens voltages, quadrupole and octopole voltage offsets, 

etc.) were optimized for maximum transmission of singly-charged ions such as [UO2(O2C-

C≡CH)(H2O)2]+ to the ion trap using the auto-tune routine within the LTQ Tune program.  

Helium was used as the bath/buffer gas to improve trapping efficiency and as the collision gas 

for CID experiments.

An attractive feature of the LIT, and quadrupole ion traps in general, is that it allows 

“tandem in time” CID experiments, with several collisional-activation steps in series, initiated 

with a given precursor ion26.  In the MSn CID experiments in this study, precursor ions were 

isolated using a width of 1.0 to 1.5 mass to charge (m/z) units centered on the 238U isotope.  The 

exact value was determined empirically to provide maximum ion intensity while ensuring 
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isolation of a single isotopic peak.  To probe CID behavior, the (mass) normalized collision 

energy (NCE, as defined by ThermoScientific) was set between 5 and 18%, which corresponds 

to 0.075 - 0.27 V applied for CID with the current instrument calibration.  The activation Q, 

which defines the frequency of the applied radio frequency potential, was set at 0.30 and a 30 

ms activation time was used.    

We have installed a gas manifold on the buffer gas inlet of our instrument (Figure S1 of 

the supporting information) to allow the mixing of reagents with the helium buffer gas before 

introduction into the ion trap.  Liquid reagents are introduced into the manifold from a metered 

syringe pump, where they evaporate.  The partial pressure of these reagents may be controlled 

through the syringe pump rate, the helium flow rate, and by heating or cooling the manifold, 

which is done by wrapping the manifold tubing with a temperature-controlled water coil.  All 

gas ports are controlled by manually actuated precision needle valves, which provide control of 

the flow rates.  The helium buffer gas flow rate is monitored with an electronic mass flow meter 

and flow is controlled by the needle valve to the exhaust line.  When operating the mass 

spectrometer without additional reagents, three-way valves route the buffer gas through a clean 

section of tubing.  The reagent pathway may be purged by flushing with clean gas (e.g. 

nitrogen) into a vacuum pump. The vacuum pump is preceded by a cold trap to aid in the 

removal of volatile reagents.  The entire manifold is constructed from stainless steel tubing and 

components using stainless steel compression fittings, so that it may be periodically removed 

and baked in an oven for cleaning. 

To probe gas-phase reactions of selected precursor ions with background neutrals, ions 

were isolated using widths of 1-2 m/z units. Here too, the specific width used was chosen 

empirically to ensure maximum ion isolation efficiency.  The ions were then stored in the LIT 

for periods ranging from 1 ms to 10 s.  When examining ion-molecule reactions (IMRs), our 

intent was not to measure or report rates or rate constants, but to identify the pathways by which 

ions react with neutrals such as H2O or CH3C≡N in the LIT.  Because the experiments were 

performed using the multi-dimensional tandem mass spectrometry capabilities of the linear ion 

trap, care had to be taken to ensure that enough neutral reagent was present in the ion trap for 

ion-molecule reaction studies, without hampering the “synthesis” of the [OUCH]+ precursor 
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ion by repeated CID steps.  For both CID and IMR experiments, the mass spectra displayed 

were created by accumulating and averaging at least 30 isolation, dissociation, and 

ejection/detection steps.

Computational Methodology

While the objective was to generate data regarding the gas-phase reactions of [OUCH]+ 

with H2O, O2 and CH3C≡N, supporting DFT calculations can provide important insight into 

reaction mechanisms and relative energetics.  For the reactions that were the focus of this study, 

the structures of the various isomers, reaction intermediates, and transition states, were 

optimized using two different density functionals (PBE0 and M06-L), which were chosen based 

on the good performance when investigating reaction pathways and energetics for uranyl 

species in our prior studies1-3. The MWB60 pseudopotential and associated basis set was used 

on U and the aug-cc-pvtz basis set on all other atoms. Transition states were identified using the 

QST2 and QST3 approaches4-7 and were confirmed by means of intrinsic reaction coordinate 

calculations. The Gaussian 16 software package8 was used for all calculations.

Singlet-state optimizations were performed within the restricted Kohn−Sham formalism, 

whereas triplet-state species were studied using the unrestricted approach.  We note here that 

our intent was not to rigorously assess the accuracy of DFT for determining reaction 

thermochemistry, bond lengths and angles, or bond-dissociation energies, but instead to 

identify probable reaction pathways “in-silico” that reproduce the experimental observations in 

terms of dissociation or ion-molecule reactions.   DFT has been used in several previous studies 

to probe the properties of gas-phase uranyl species9-20.  In the present study, we found good 

agreement between the relative energies obtained at PBE0 and M06-L levels - the two theory 

levels predict the same pathways and the same ordering of energy states.  Because we have had 

greater success with the Minnesota functional when elucidating reaction pathways, the 

computational results generated at the M06-L level of theory are discussed for the sake of 

brevity.  

It should be noted that spin−orbit corrections were not explicitly included in our 

calculations.  Although spin−orbit effects are not expected to significantly affect the energetics 
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of processes in which there is no change in the formal oxidation state of the heavy metal, 

substantial changes can occur for reaction energies involving actinide atoms in different 

oxidation states.  While it is possible that the energies of specific species with U in different 

oxidation states could be affected by the inclusion of spin−orbit corrections, we feel that this 

caveat does not influence our interpretation of the DFT investigation of likely reaction 

mechanisms.  

1. M. J. Van Stipdonk, M. del Carmen Michelini, A. Plaviak, D. Martin, J. K. Gibson, Formation 
of bare UO2

2+ and NUO+ by fragmentation of gas-phase uranyl-acetonitrile complexes. J. Phys. 
Chem. A. 2014, 118, 7838 – 7846.

2. C. M. Leavitt, V. S. Bryantsev, W. A. de Jong, M. S. Diallo, W. A. Goddard III, G. S. 
Groenewold, M. J. Van Stipdonk, Addition of H2O and O2 to acetone and dimethylsulfoxide 
ligated uranyl(V) dioxocations. J. Phys. Chem. A. 2009, 113, 2350 – 2358.

3. M. Van Stipdonk, E. Perez, C. Hanley, I. Tatosian, A. Bubas, S. Kline, Formation and 
hydrolysis of gas-phase [UVIO2(R)]+ [R=CH3, CH2CH3, CH=CH2 and C6H5]. J. Mass Spectrom. 
2019, 54, 780 – 789.

4. C. Peng, H. B. Schlegel. Combining synchronous transit and quasi-Newton methods for 
finding transition states. Israel J. Chem. 1993, 33, 449 – 454.

5. K. Fukui, The Path of Chemical-Reactions - The IRC Approach. Acc. Chem. Res. 1981, 14, 
363−368. 

6. C. Gonzalez, H. B. Schlegel, An Improved Algorithm for Reaction-Path Following. J. Chem. 
Phys. 1989, 90, 2154 – 2161.

7. C. Gonzalez, H. B. Schlegel, Reaction-Path Following in Mass-Weighted Internal coordinates. 
J. Phys. Chem. 1990, 94, 5523 – 5527.

8. Gaussian 09, Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. 
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, 
A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. 
F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. 
Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, 
W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. 
Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. 
Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. 
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. 



SUPPLEMENTARY INFORMATION

Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. 
Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016.

9. M. J. van Stipdonk, I. J. Tatosian, A. C. Iacovino, A. R. Bubas, L. Metzler, M. C. Sherman, A. 
Somogyi, Gas-phase deconstruction of UO2

2+: Mass spectrometry evidence for generation of 
[OUVICH]+ by collision-induced dissociation of [UVIO2(C≡CH)]+. J. Am. Soc. Mass Spectrom. 2019, 
30, 796 – 805.

10. Y. Gong, V. Vallet, M. Michelini, D. Rios, J. K. Gibson, Activation of gas-phase uranyl: from 
and oxo to a nitrido complex. J. Phys. Chem. A. 2014, 118, 325 – 330.

11. Y. Gong, W. A.; de Jong, J. K. Gibson, Gas phase uranyl activation: formation of a uranium 
nitrosyl complex from uranyl azide. J. Am. Chem. Soc. 2015, 137, 5911 – 5915.

12. S.-X. Hu, J. Jian, J. Li, J. K. Gibson, Destruction of the uranyl moiety in a U(V) “cation-cation” 
interaction. Inorg. Chem. 2019, 58, 10148 – 10159.

13. V. Vallet, U. Wahlgen, I. Grenthe, Probing the nature of chemical bonding in uranyl(VI) 
complexes with quantum chemical methods, J. Phys. Chem. A 2012, 116, 12373 – 12380.

14. J. Su, P. D. Dau, Y.-H. Qui, H.-T. Liu, C.-F. Xu, D.-L. Huang, L.-S. Wang, J. Li, Probing the 
electronic structure and chemical bonding in tricoordinate uranyl complexes UO2X3

- (X=F, Cl, 
Br, I): competition between coulomb repulsion and U-X bonding, Inorg. Chem. 2013, 52, 6617 – 
6626.

15. W. A. De Jong, E. Apra, T. L. Windus, J. A. Nichols, R. J. Harrison, K. E. Gutowski, D. A. 
Dixon, Complexation of the Carbonate, Nitrate, and Acetate Anions with the Uranyl Dication: 
Density Functional Studies with Relativistic Effective Core Potentials. J. Phys. Chem. A 2005, 109, 
11568 – 11577.

16. V.E. Jackson, R. Craciun, D.A. Dixon, K.A. Peterson, W.A. de Jong, Prediction of Vibrational 
Frequencies of UO2

2+ at the CCSD(T) Level, J. Phys. Chem. A 2008, 112 4095 – 4099.

17. M. García-Hernández, C. Willnauer, S. Krüger, L. V. Moskaleva, N. Rösch.  Systematic DFT 
Study of Gas Phase and Solvated Uranyl and Neptunyl Complexes [AnO2X4]n (An = U, Np; X = 
F, Cl, OH, n = −2; X = H2O, n = +2) Inorg. Chem. 2006, 45, 3, 1356 – 1366

18. D. Rios, M. C. Michelini, A. F. Lucena, J. Marçalo, T. H. Bray, J. K. Gibson. Gas-Phase Uranyl, 
Neptunyl, and Plutonyl: Hydration and Oxidation Studied by Experiment and Theory Inorg. 
Chem. 2012, 51, 6603 – 6614.

19. P. D. Dau, P. B. Armentrout, M. C. Michelini, J. K. Gibson, Activation of carbon dioxide by a 
terminal uranium–nitrogen bond in the gas-phase: a demonstration of the principle of 
microscopic reversibility, Phys. Chem. Chem. Phys., 2016, 18, 7334 – 7340 



SUPPLEMENTARY INFORMATION

20. Di Santo, Emanuela; Michelini, Maria del Carmen; Russo, Nino, Methane C-H Bond 
Activation by Gas-Phase Th+ and U+: Reaction Mechanisms and Bonding Analysis. 
Organometallics, 2009, 28, 3716-3726

48. Michelini, Maria del Carmen; Russo, Nino; Sicilia, Emilia, How can uranium ions (U+, U2+) 
activate the O-H bond of water in the gas phase? Angew. Chemie, Int. Ed., 2006, 45, 1095-1099.

49. Garrison, Stephen L.; Becnel, James M. Transition State for the Gas-Phase Reaction of 
Uranium Hexafluoride with Water. J. Phys. Chem. A, 2008, 112, 5453-5457.

50. Alikhani, Mohammad Esmail; Michelini, Maria del Carmen; Russo, Nino; Silvi, Bernard. 
Topological Analysis of the Reaction of Uranium Ions (U+, U2+) with N2O in the Gas Phase. J. 
Phys. Chem. A, 2008, 112, 12966-12974.

51. Di Santo, Emanuela; Santos, Marta; Michelini, Maria C.; Marcalo, Joaquim; Russo, Nino; 
Gibson, John K. Gas-Phase Reactions of the Bare Th2+ and U2+ Ions with Small Alkanes, CH4, 
C2H6, and C3H8: Experimental and Theoretical Study of Elementary Organoactinide Chemistry. 
J.  Am. Chem. Soc. 2011, 133, 1955-1970.

52. Shi, Ling; Li, Peng; Guo, Ming-gang; Gao, Tao. Reaction mechanisms and topological 
analyses for the C-H activation of ethylene by uranium atom using density functional theory. 
Comput Theor Chem, 2020, 1190, 113022.

53. Daniel Rios, Maria del Carmen Michelini, Ana F. Lucena, Joaquim Marçalo, and John K. 
Gibson, On the Origins of Faster Oxo Exchange for Uranyl(V) versus Plutonyl(V), J. Am. Chem. 
Soc. 2012, 134, 15488–15496.


