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Figure S1. Mass spectrum of uranium oxide cluster cations recorded while the mass
spectrometer is optimized to show high mass clusters.
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Figure S2. Molecular parameters and singly occupied orbital of *UOx.
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Figure S3. Molecular parameters and singly occupied orbital of 2UO,".
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Figure S4. Molecular parameters and singly occupied orbital of “UO,".
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Figure S5. Molecular parameters of 'UO»?".
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Figure S6. Molecular parameters and singly occupied orbital of UO»>".
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Figure S7. Molecular parameters of 'UO:.
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Figure S8. Molecular parameters and singly occupied orbital of *UO:s.
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Figure S9. Molecular parameters and singly occupied orbital of 2UO;".
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Figure S10. Molecular parameters and singly occupied orbital of *U,0Os.
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Figure S11. Molecular parameters and singly occupied orbital of the Cs isomer of 2U,Os".
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Figure S12. Molecular parameters and singly occupied orbital of the Cay isomer of 2U,Os".
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Figure S13. Molecular parameters and singly occupied orbital of *U>0s".
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Figure S14. Molecular parameters of 'U>Q.
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Figure S15. Molecular parameters and singly occupied orbital of *U2Qe.
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Figure S16. Molecular parameters and singly occupied orbital of 2U>Os".
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Figure S17. Molecular parameters and singly occupied orbital of 'U>0O7.
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Figure S18. Molecular parameters and singly occupied orbital of 2U,O7".
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Figure S19. Molecular parameters and singly occupied orbital for ring and chain isomers of

2U505".
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Figure S20. Molecular parameters of ring and chain isomers of 'U3Os.
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Figure S21. Molecular parameters for ring and chain isomers of 2U4O1;".
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Figure S22. Molecular parameters of ring and chain isomers of 'U4O1..
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Figure S23. Molecular parameters of ring and chain isomers of 'UsO;s.
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Figure S24. Molecular parameters for a predicted structure of 2UsO17".
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Figure S25. Molecular parameters for three predicted structures of 'UsO1s.

Cage AHoc=0 Ring AHg = +11.2
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0.663758
1.600120
0.064206
-1.362070
0.627134
2.332096
-0.534457
3.808903
-3.188739
-0.214539
-2.269841
-0.383496
-0.519366
-1.216738
0.719451
0.611686
-1.670046
2.106623

1.929845
-1.614717
-1.124085
0.168026

-1.405964
-0.100686

1.431602
-1.262199
0.710305
-2.279258
0.085017

0.244271
-0.997222

1.540389
1.255651

-0.021642
-0.765625
2.374493
-0.540790
0.819790
-0.811140

0.301878

0.165019
0.050617
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'U6O1s (Inverted Cage)

1

CCCCCCOOO00O00000000000000O0

c

clojoNojolooNololoholoholohoNoRoN®)

0.227331
-1.917870
-1.917840

1.912965

0.212970

0.212996
-0.157722
-0.157750

2.374849

1.902098
-2.107030
-1.977609

1.912936
-4.510813
-0.153085
-0.153023

0.334814

4.402324

0.008266
-2.798176

0.008231

2.617416

0.301668
-0.175714

6018 (Chain)

-3.428803
-2.514531
-6.516252
-5.407820
-7.234297
-8.194593
0.198521
-0.198521
-3.933107
-1.066076
1.066076
3.428803
2.514531
3.933107
6.516252
5.407820
7.234297
8.194593

0.000005
2.058053
-2.058079
-2.201431
1.915041
-1.915034
-1.870123
1.870119
0.000019
0.000011
-0.000015
-0.000013
2.201458
-0.000028
4.460478
-4.460483
0.000005
0.000025
-2.643918
-0.000018
2.643915
0.000018
0.000004
-0.000002

-1.218356
0.889164
-0.926888
0.945385
-0.907397
1.392110
1.047189
-1.047189
-0.978167
-1.056556
1.056556
1.218356
-0.889164
0.978167
0.926888
-0.945385
0.907397
-1.392110

-0.163153
0.070444
0.070446

-0.250672
2.094314
2.094315

-2.356795

-2.356797
1.651314

-2.303472

-1.900607
1.896336
-0.250674
-0.403501
-0.075013
-0.075009
4.419161

-0.637170

-0.034398
0.170049

-0.034401

-0.308365
2.591980

-2.517341

0.401858
-0.586947
-0.920415

0.333787

1.890499
-0.630791
0.654377
-0.654377
-2.532472

2.283038
-2.283038
-0.401858

0.586947
2.532472
0.920415
-0.333787
-1.890499

0.630791
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cccccacc

7.506211
4.450295
1.515975
-1.515975
-4.450295
-7.506211

-0.176048
0.159250
0.179268
-0.179268
-0.159250
0.176048

-0.494136
1.015980
-0.767317
0.767317
-1.015980
0.494136
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Figure S26. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 'UQs.
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Figure S27. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 'U,Oe.
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Figure S28. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 'U3O9 ring isomer.
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Figure S29. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of U39 chain isomer.
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Figure S30. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 'U4O12 ring isomer.
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Figure S31. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of U401z chain isomer.
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Figure S32. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 'UsO;s ring isomer.
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Figure S33. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 'UsO;s chain isomer.
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Figure S34. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 'UsO1s cage isomer.
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Figure S35. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 'UsO1s inverted cage
isomer.
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Figure S36. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 2UO>"
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Figure S37. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 2UOs"
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Figure S38. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 2U>0s"
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Figure S39. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 2U>O¢"
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Figure S40. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 2U>07"
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Figure S41. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 2U3Og"
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Figure S42. TDDFT B3LYP/aD/D-PP predicted electronic spectrum of 2U309*
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Table S1. Average U-O Bond Dissociation Energy in kcal/mol calculated using both the B3LYP
functional and CCSD(T) method. Basis sets used in these calculations are either cc-pVDZ-PP or
cc-pVTZ-PP with polarization basis function on oxygen, denoted aD/D-PP and aT/T-PP
respectively. Complete basis set extrapolations were computed using the cc-pVNZ-PP and cc-
pVNZ-dk3 families of basis sets. Binding energies for equatorial oxygen atoms were calculated
assuming that the axial values are constant.

Molecule U-O Position Highest level Average BDE

'U03 —3U0, +°0  Equatorial CCSD(T)/CBS-PP  146.6

CCSD(T)/CBS-dk3  147.7
B3LYP/aD/D 135.1
Axial CCSD(T)/CBS-PP  174.7
CCSD(T)/CBS-dk3  174.2
B3LYP/aD/D-PP  180.5

3UO: (Desh) Axial CCSD(T)/CBS-PP  174.7
CCSD(T)/CBS-dk3  174.2
B3LYP/aD/D-PP  180.5

2U0:"(Desh) Axial CCSD(T)/CBS-PP  173.5
CCSD(T)/CBS- dk3 173.3
B3LYP/aD/D-PP  182.0

3U,05(Cs) Equatorial CCSD(T)/aT/T-PP  102.2
B3LYP/aD/D-PP 82.8
20205 (Cav) Equatorial CCSD(T)/aT/T-PP  99.1
B3LYP/aD/D-PP  90.0
2U,057(Cs) Equatorial CCSD(T)/aT/T-PP  101.9
B3LYP/aD/D-PP  97.2
U0 Equatorial CCSD(T)/CBS-PP  93.9
B3LYP/aD/D-PP 85.3
2U3057(Ch) Equatorial B3LYP/aD/D-PP  90.9
2U305%(Cs) Equatorial B3LYP/aD/D-PP 93.1
1U300(Cav) Equatorial CCSD(T)/aT/T-PP  98.7
2U4011"(chain) Equatorial B3LYP/aD/D-PP 104.0
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2U4011"(ring)

'U4012(Dan)
1U4012(C)
'U5015(Dsn)
1U5015(Cs)
2Us017"(cage)

2UO17"(cage)
2U6017"(chain)

Equatorial

Equatorial
Equatorial
Equatorial
Equatorial
Equatorial

Equatorial
Equatorial

B3LYP/aD/D-PP
B3LYP/aD/D-PP

CCSD(T)/aD/D-PP
B3LYP/aD/D-PP
CCSD(T)/aD/D-PP
B3LYP/aD/D-PP

B3LYP/aD/D-PP
B3LYP/aD/D-PP

B3LYP/aD/D-PP

B3LYP/aD/D-PP
B3LYP/aD/D-PP
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104.6
89.1

99.6
89.5
100.8
89.7

95.3
95.7

96.2
95.9
92.9



Table S2. Isomer and spin state relative energies calculated with B3LYP/aD/D-PP

Name
UOx'A
UO,'B
UOA
UO*'B
UOsA
UO:B
U206A
U,0O6B
U,05A
U,05'B
U,05"C
UsO09A
UszO9B
Us05*A
U;05'B
Us012A
Us012B
U401 A
Us011'B
UsO15A
UsO1sB
UsO13A
UsO1sB
UsO15C

Molecule
(0[O0
Uuo,*
U0o**
U022+
UO3
UOs3
U206
U205
U,0s5"
U,0s5"
U,0s5"
Us0O9
U309
U;0s"
Us05"
U4O12
UsO12
U4011"
Us01"
UsO1s
UsO1s
UsO1s
UeO13
UsO1s

Multiplicity AHg,0K (kcal/mol)

doublet 0.0
quartet +71.9
singlet 0.0
triplet +52.7
singlet 0.0
triplet +38.2
singlet 0.0
triplet +49.6
doublet 0.0
doublet +18.0
quartet +53.8
singlet 0.0
singlet +5.6
doublet 0.0
doublet +13.0
singlet 0.0
singlet +0.2
doublet 0.0
doublet +4.9
singlet 0.0
singlet +3.4
singlet 0.0
singlet +16.9
singlet +57.9
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Table S3. Normalized and Differential Clustering Energies (AH29sk) for Optimized Uranium

Clusters UnO3n (kcal/mol)

Cluster

U206(D2n)
Uz09(Cay)
U4012(Ci)
U4012(Dan)
UsO15(Cs)
UsO13(C1)

Cluster

U206(D2n)
U3z09(Cay)
U4012(Ci)
Us015(Cs)
UsO15(Cs)
UsO13(C1)

Differential Clustering Energies (kcal/mol)

B3LYP/
aD

-71.1
-57.8
-47.9
-46.7
-46.7
-115.8

CCSD(TY/
D/D

-87.3
717
-57.8
-58.2
-57.4

CCSD(T)/
aD/D
-87.2
-69.2
-63.6
-54.2
-59.7

CCSD(TY/
T

-85.2
-68.0

Normalized Clustering Energies (kcal/mol)

B3LYP/
aD

35.6
43.0
442
439
447
56.6

CCSD(TY/
D/D
43.6
53.0
54.2
543
54.8

CCSD(T)/
aD/D

43.6

52.2

55.0

52.7

55.9

AEiiftn = [E(Un-103n3) + E(UO3) — E(UnOsn)]
AEnom,n = [E(cluster) —nE(UO3)]/n
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CCSD(TY/
T
42.6
51.1

CCSD(T)/
aT/T
-83.6

CCSD(T)/
aT/T
41.8



Table S4. NBO Population Analysis

qmbo) | USf | Usfa | USEp | Ued | U6da | U6dp

300, 1.61 273 1.90 0.83 0.96 0.56 0.40

200," 2.42 291 1.98 0.92 0.88 0.45 0.43
2.09 2.74 1.88 0.86 1.22 0.63 0.59

3 0

U2057(Cs) 2.18 2.70 1.87 0.82 121 0.63 0.58
2.26 2.50 1.25 1.25 1.39 0.70 0.70

2U,057(Cs

2057(C4) 2.36 2.69 1.88 0.82 1.05 0.54 0.51

2.8 2.87 1.96 091 1.04 0.53 051

2 +

U2057(C2) 2.34 2.55 1.28 1.28 1.35 0.68 0.68
2.5 2.50 1.25 1.25 1.40 0.70 0.70

2U305"(chain) | 2.23 2.38 121 1.17 1.49 0.74 0.74
2.29 2.81 1.92 0.89 1.05 0.54 051
227 2.48 1.24 1.24 1.42 0.71 0.71

2U305(ring) 2.36 2.67 1.87 0.80 1.09 0.56 0.53
227 2.46 1.23 1.23 1.43 0.71 0.71
2.24 2.50 1.25 1.25 1.41 0.71 0.71
2.17 238 1.19 1.19 1.46 0.73 0.73

20,4011 (chai

4011’ (chain) F—27 247 1.77 0.70 125 0.64 0.61

2.24 2.48 1.24 104 1.42 0.71 0.71
2.26 2.46 1.23 1.23 1.44 0.72 0.72
2.30 2.59 1.83 0.76 1.15 0.59 0.56

2 +

UsOrn(ring) 2.8 245 1.23 1.23 1.43 0.71 0.71
227 237 1.18 1.18 1.47 0.74 0.74
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Table S5. Summary of the Reaction energies (Rxn. en.) in kcal/mol using the calculated heats of formations from Table 1.

Reactant | Products Rxn en to | Products Rxnento | Products Rxn en to | Products Rxn en to
form O form UOs" form UO; form UO,"

UO0s* UO,"+0 |[59.5 U0, +0 59.5
UO," UO;"+0 |[843 Uuo;"+0 84.3 U0, + 0, 26.4
U204" UO" +UO0; 114.0 UO;" +UO0: | 81.2
U20s" U204 +0 | 144.8 U0;" +UO> 166.5 UO;" +UO03 | 86.5 UO;" +UO03 | 86.5
Ux06" U,0s"+0 |704 Uo;"+UO0s |974 Uo;"+UO0s |974

U,07" Ux06"+0 | 61.9 UO4" +UO03; | 64.0

Us0s” U,0s +UO3" | 127.1 U,0s" +UO; | 58.7 Ux06 +UO2" | 63.0
Us09" Us03"+0 [90.2 Ux06 +UO3" | 93.7 Ux06" +UO3; | 78.5 U,07+UO" | 97.0
Us011" Us0s+UOs" | 150.9 Us0s"+UO; | 82.5 Us09+UO," | 77.1
Us012" | UsO1"+0 | 77.3 Us00+UOs" | 94.9 Us09" +UO; | 69.6

UsOis* Us012+UOs3" | 88.9 U4012"+UO3 | 57.6
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Table S6

. Electronic energies in Hartees at different levels of theory.

B3LYP/aD/D-PP CCSD(T)

Molec. AHg 0k AHg 208K AGg298K aD/D-PP D/D-PP aT/T-PP T/T-PP

U0, -625.375494 | -625.370751 | -625.401931 | -623.6261514 | -623.613459 -623.864769 | -623.847202
UOy" | -625.144887 | -625.140181 | -625.170872 | -623.430988 | -623.387538 | -623.634947 | -623.618756
2U0y" | -625.030378 | -625.025564 | -625.057099

'U0; | -700.666701 | -700.660837 | -700.696463 | _698.7994101 | -698.733508 | -699.071199 | -699.044931
SUOs | -700.605871 | -700.599755 | -700.636881

*U0s" | -700314795 | -700.308893 | -700.345139 | -698.4593267 | -698.396100 | -698.7235857 | -698.700781
YU0s" | -700.233695 | -700.227557 | -700.265594

2U04" | -775.522764 | -775.515975 | -775.554417 | -773.5077183 | -773.423279 | -773.8342514 | -773.804519
'U206 | -1401.446016 | -1401.435050 | -1401.483785 | .1397.740193 | -1397.608424 | -1398.278046 | -1398.227919
U206 | -1401.366942 | -1401.355282 | -1401.407236

2U,06" | -1401.117835 | -1401.106711 | -1401.156125

U205 | -1326.168106 | -1326.157870 | -1326.208285 | .1322.593765 | -1322.482302 | -1323.069242 | -1323.027153
U20s" | -1325.924998 | -1325.915200 | -1325.963748 | -1322.372945 | -1322.263831 | -1322.845629 | -1322.805521
U20s" | -1325.896297 | -1325.885613 | -1325.937926 | -1322.351635 | -1322.247048 | -1322.828356 | -1322.787468
“U,0s" | -1325.839243 | -1325.828903 | -1325.879804

*U204" | -1250.625179 | -1250.616053 | -1250.664759 | -1247.202830 -1247.611834

U207 | -1476.594007 | -1476.581719 | -1476.633621 | -1472.731806 | -1472.575263 | -1473.328678 | -1473.270090
20,07 | -1476.275094 | -1476.261811 | -1476.319810 | _1472.418454 | -1472.269443 -1472.956307
Y077 | -1476.257348 | -1476.242728 | -1476.307630

'U20s | -1551.734267 | -1551.720680 | -1551.775629 | -1547.710674 | -1547.535711 | -1548.371864 | -1548.305929
"U,08 | -1551.730303 | -1551.717365 | -1551.771504 | _1547.703144 | -1547.530344 -1548.301401
'U20s | -1551.720368 | -1551.707644 | -1551.760861 | -1547.700304 | -1547.518399 | -1548.354542 | -1548.287436
U300 | -2102.205459 | -2102.188047 | -2102.255021 | -2096.651826 | -2096.458020 -2097.383144
U300 | -2102.196608 | -2102.179641 | -2102.246117 | -2096.646991 | -2096.446881

S62




2U3 09+

-2101.893570

-2101.875812

-2101.942399

2U300" | -2101.880230 | -2101.863185 | -2101.929820
3U30s | -2026.918380 | -2026.902398 | -2026.968614
3U30s | -2026.935302 | -2026.919528 | -2026.984382
2U308" | -2026.692091 | -2026.675652 | -2026.743464 22021.121551
U401z | -2802.947755 | -2802.925222 | -2803.005073 | 2795554418 | -2795.285493
U401z | -2802.947434 | -2802.923291 | -2803.007199 | -2795.539626 | -2795.286231
2U4012" | -2802.645398 | -2802.620439 | -2802.708100
2Us0n" | -2727.473107 | -2727.451079 | -2727.530245
1UsO1s | -3503.688385 | -3503.660426 | -3503.754421
UsO1s | -3503.683044 | -3503.654182 | -3503.749646
"UeO15 | -4204.539286 | -4204.505874 | -4204.605202
U015 | -4204.521426 | -4204.487702 | -4204.592268
U015 | -4204.512216 | -4204.478179 | -4204.579282
U015 | -4204.504993 | -4204.470157 | -4204.580707
U015 | -4204.501747 | -4204.466712 | -4204.577180
U015 | -4204.452256 | -4204.416098 | -4204.535453
U015 | -4204.446906 | -4204.412397 | -4204.524576
2UeO17" | -4129.043275 | -4129.011233 | -4129.108991
2UsO17" | -4129.036436 | -4129.004485 | -4129.102098
2UsO17" | -4128.981262 | -4128.948546 | -4129.057733
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