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1 Computational Details

All geometries have been optimized in the Turbomole v6.6 [1–3] software package employing the
BP86 exchange–correlation (xc) functional [4, 5] and the def-TZVP (triple-ζ valence polarization)
basis set for the uranium atom and the def2-TZVP basis set for the oxygen atom [6]. For the uranium
atom a small-core effective potential [7, 8] (60 electrons in the core) was used to account for scalar
relativistic effects. The same computational set up was used to numerically calculate vibrational
spectra and ensure that the optimized structures are true (local) minima. In all calculations, C2h point
group symmetry was imposed for diamond shaped clusters, while C2v point group symmetry was used
for T-shaped dications. If convergence difficulties were encountered during geometry optimization
(slow or no convergence), the cluster was allowed to relax freely within C1 symmetry. For comparison,
we also optimized the geometry using C1 symmetry for all CCI clusters. However, we should note that
the differences between the symmetry-constrained and symmetry-relaxed structures are negligible and
hence, whenever available, only the symmetry-constrained structures have been used in subsequent
calculations.

Analytical and numerical vibrational spectra as well as electronic spectra were calculated using
the ADF2014 software package [9–11]. A Triple-ζ Polarization (TZP) and a Double-ζ Polarization
(DZP) basis sets were used for the uranium centre and oxygen atoms, respectively [12]. We employed
the PBE0 [13] xc functional for the calculation of excitation energies and the BP86 xc functional for
a vibrational frequency analysis [4,5]. Scalar relativistic effects were accounted for using the Zero-th
Order Regular Approximation (ZORA) Hamiltonian. [14] Moreover, we increased the convergence
criteria by applying a Quadruple-ζ quality basis for the auxiliary fit set and by setting the integration
grid to 10−10.

All structure optimizations and single-point calculations were performed using the COSMO solvation
model with a dielectric constant of water (ε = 80) [15].

1.1 BP86 optimized geometries

All molecular geometries are given in xyz-format (Å). Singlet, doublet, triplet, etc., denotes the spin
multiplicity M . The point group symmetry imposed in calculations in given in parenthesis.

1.1.1 Diamond singlet [(UO2)2]
4+ (C2h)

O −1.6780253 2.7625730 0.0000000
U −1.3578769 1.0766394 0.0000000
O −0.9944895 −0.6994527 0.0000000
O 0.9944895 0.6994527 0.0000000
U 1.3578769 −1.0766394 0.0000000
O 1.6780253 −2.7625730 0.0000000



3

1.1.2 Diamond triplet [(UO2)2]
4+ (C2h)

O −1.903748 2.9012495 0.00000000
U −1.376416 1.2315639 0.00000000
O −1.0821964 −0.5534559 0.00000000
O 1.0821964 0.5534559 0.00000000
U 1.376416 −1.2315639 0.00000000
O 1.903748 −2.9012495 0.00000000

1.1.3 Diamond quintet [(UO2)2]
4+ (C2h)

O −1.7402352 2.8445492 0.00000000
U −1.3606718 1.1036524 0.00000000
O −1.0158401 −0.7048892 0.00000000
O 1.0158401 0.7048892 0.00000000
U 1.3606718 −1.1036524 0.00000000
O 1.7402352 −2.8445492 0.00000000

1.1.4 Diamond doublet [(UO2)2]
3+ (C2h)

O −1.6745905 2.7747533 0.0000000
U −1.3207282 1.0679586 0.0000000
O −0.9904405 −0.7545899 0.0000000
O 0.9904405 0.7545899 0.0000000
U 1.3207282 −1.0679586 0.0000000
O 1.6745905 −2.7747533 0.0000000

1.1.5 Diamond quartet [(UO2)2]
3+ (C2h)

O −1.8490872 2.8959182 0.0000000
U −1.3405347 1.1827597 0.0000000
O −1.0420600 −0.6512770 0.0000000
O 1.0420600 0.6512770 0.0000000
U 1.3405347 −1.1827597 0.0000000
O 1.8490872 −2.8959182 0.0000000
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1.1.6 Diamond singlet [(UO2)2]
2+ (C1)

O −1.5980817 2.7702240 0.0003999
U −1.3178134 1.0113599 0.0001350
O −0.9419642 −0.8596874 −0.0005464
O 0.9436754 0.8599048 −0.0005270
U 1.3179384 −1.0112496 0.0001167
O 1.5962455 −2.7705517 0.0004217

1.1.7 Diamond triplet [(UO2)2]
2+ (C2h)

O −1.6564872 2.8125736 0.0000000
U −1.3173973 1.0576571 0.0000000
O −0.9496822 −0.8274218 0.0000000
O 0.9496822 0.8274218 0.0000000
U 1.3173973 −1.0576571 0.0000000
O 1.6564872 −2.8125736 0.0000000

1.1.8 Diamond quintet [(UO2)2]
2+ (C1)

O −1.6007708 2.8172175 0.0009483
U −1.3294510 1.0168478 −0.0000708
O −0.9192598 −0.8984794 −0.0008759
O 0.9233475 0.8976229 −0.0009226
U 1.3277831 −1.0162083 0.0000202
O 1.5983510 −2.8170006 0.0009008

1.1.9 T-shape singlet [(UO2)2]
4+ (C2v)

U 0.00000000 0.00000000 −2.1383081
O 0.7288205 0.00000000 −2.0923716
O −0.7288205 0.00000000 −2.0923716
U 0.00000000 0.00000000 2.1274275
O 0.00000000 0.00000000 0.3561864
O 0.00000000 0.00000000 3.8394373
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1.1.10 T-shape triplet [(UO2)2]
4+ (C2v)

U 0.00000000 0.00000000 −2.1336633
O 1.7300408 0.00000000 −2.0970638
O −1.7300408 0.00000000 −2.0970638
U 0.00000000 0.00000000 2.1185743
O 0.00000000 0.00000000 0.3112734
O 0.00000000 0.00000000 3.8979432

1.1.11 T-shape quintet [(UO2)2]
4+ (C1)

U 0.0001610 0.0001210 −2.0966140
O 1.7743923 −0.0000366 −2.0842396
O −1.7740267 −0.0000366 −2.0845499
U −0.0011125 0.0002805 2.1022513
O −0.0004734 −0.0002182 0.2751869
O 0.0010594 −0.0001102 3.8879654

1.1.12 T-shape doublet [(UO2)2]
3+ (C1)

U 0.0000000 0.0000000 −2.0469754
O 1.7489935 0.0000000 −2.0602186
O −1.7489935 0.0000000 −2.0602186
U 0.0000000 0.0000000 2.09235939
O 0.0000000 0.0000000 0.23342744
O 0.0000000 0.0000000 3.84162572

1.1.13 T-shape quartet [(UO2)2]
3+ (C1)

U −0.001893 −0.0001831 −2.0139359
O 1.7908261 0.000204 −2.0623036
O −1.7937469 0.0002048 −2.0871531
U 0.0016184 −0.0008283 2.1038524
O −0.0045014 0.0000325 0.2017043
O 0.0076967 0.0005702 3.8578361
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1.1.14 T-shape singlet [(UO2)2]
2+ (C2v)

U 0.00000000 0.00000000 −2.0599199
O 1.7872992 0.00000000 −2.0965754
O −1.7872992 0.00000000 −2.0965754
U 0.00000000 0.00000000 2.1173042
O 0.00000000 0.00000000 0.2367425
O 0.00000000 0.00000000 3.8990241

1.1.15 T-shape triplet [(UO2)2]
2+ (C2v)

U 0.00000000 0.00000000 −2.0721744
O 1.7907133 0.00000000 −2.1023997
O −1.7907133 0.00000000 −2.1023997
U 0.00000000 0.00000000 2.1230413
O 0.00000000 0.00000000 0.2507902
O 0.00000000 0.00000000 3.9031422

1.1.16 T-shape quintet [(UO2)2]
2+ (C2v)

U 0.0000000 0.0000000 −2.1034678
O 1.7993086 0.0000000 −2.1502356
O −1.7993086 0.0000000 −2.1502356
U 0.0000000 0.0000000 2.1488905
O 0.0000000 0.0000000 0.2425827
O 0.0000000 0.0000000 4.0124658
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1.2 BP86 vibrational frequencies

All numeric vibrational frequencies calculated in Turbomole were positive, indicating that the opti-
mized cluster structures are true (local) minima. The only exception was the T-shape [(UO2)2]

3+
[M=2]

cluster for which the numerical frequencies could not be converged. The analytic vibrational fre-
quencies were calculated in ADF using the geometries optimized in Turbomole. These analytic
vibrational frequencies were used to plot the graphs in the main article.

Table 1: [(UO2)2]
4+
[M=1]

Frequency [cm−1]
Diamond shape T-shape

Analytic (ADF) Numeric (Turbomole) Analytic (ADF) Numeric (Turbomole)

750.0 749.4 888.3 879.43
826.8 820.6 966.1 954.1
1008.0 999.9 1027.2 1019.2
1021.8 1011.4 1027.8 1018.7

Table 2: [(UO2)2]
4+
[M=3]

Frequency [cm−1]
Diamond shape T-shape

Analytic (ADF) Numeric (Turbomole) Analytic (ADF) Numeric (Turbomole)

554.6 736.1 656.7 765.7
754.7 756.2 860.0 799.8
781.2 854.1 952.8 941.7
905.8 901.3 969.0 1013.6

Table 3: [(UO2)2]
4+
[M=5]

Frequency [cm−1]
Diamond shape T-shape

Analytic (ADF) Numeric (Turbomole) Analytic (ADF) Numeric (Turbomole)

618.2 666.6 720.8 710.5
697.5 681.2 809.2 806.8
806.8 790.9 852.2 830.4
815.6 797.5 857.9 852.0
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Table 4: [(UO2)2]
3+
[M=2]

Frequency [cm−1]
Diamond shape T-shape

Analytic (ADF) Numeric (Turbomole) Analytic (ADF) Numeric (Turbomole)

660.0 680.9 706.9 –
713.4 706.9 731.6 –
942.1 930.4 763.5 –
966.5 947.9 929.4 –

Table 5: [(UO2)2]
3+
[M=4]

Frequency [cm−1]
Diamond shape T-shape

Analytic (ADF) Numeric (Turbomole) Analytic (ADF) Numeric (Turbomole)

621.7 690.9 591.5 688.6
697.6 707.1 798.5 806.0
756.2 761.6 819.9 825.6
842.4 829.3 920.4 913.0

Table 6: [(UO2)2]
2+
[M=1]

Frequency [cm−1]
Diamond shape T-shape

Analytic (ADF) Numeric (Turbomole) Analytic (ADF) Numeric (Turbomole)

619.0 419.3 669.7 677.3
717.0 659.2 830.9 833.9
751.2 669.2 891.6 874.9
879.5 856.0 908.8 882.3
905.5 874.1

Table 7: [(UO2)2]
2+
[M=3]

Frequency [cm−1]
Diamond shape T-shape

Analytic (ADF) Numeric (Turbomole) Analytic (ADF) Numeric (Turbomole)

578.9 576.7 757.2 657.6
647.2 654.4 865.7 810.6
834.3 836.2 879.6 888.1
867.8 879.1 893.3 884.1
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Table 8: [(UO2)2]
2+
[M=5]

Frequency [cm−1]
Diamond shape T-shape

Analytic (ADF) Numeric (Turbomole) Analytic (ADF) Numeric (Turbomole)

471.0 553.3 672.5 628.2
604.8 622.0 732.2 669.1
683.4 748.0 814.9 793.7
791.3 787.6 838.6 837.6

Table 9: Stability of the diamond and T-shaped structures in kcal/mol. M denotes the spin multi-
plicity. The relative energies of the compounds with a total charge of 4+, 3+, and 2+ are adjusted
to the most stable one within each charge group.

System PBE0 B3LYP BP86 M06 M06-L

Compound Diamond T-shape Diamond T-shape Diamond T-shape Diamond T-shape Diamond T-shape

[(UO2)2]
4+
[M=1] 20.5 0.0 20.4 0.0 16.1 0.0 23.5 0.0 19.9 0.00

[(UO2)2]
4+
[M=3] 100.6 57.5 92.9 56.7 67.2 63.1 103.5 61.0 71.4 51.7

[(UO2)2]
4+
[M=5] 168.4 117.6 159.7 115.2 124.8 111.9 126.1 116.1 127.3 104.8

[(UO2)2]
3+
[M=2] 21.0 0.0 18.7 0.00 7.4 0.0 28.6 0.0 12.2 0.0

[(UO2)2]
3+
[M=4] 111.4 57.4 101.7 55.5 66.8 59.1 75.2 76.6 60.7 54.6

[(UO2)2]
2+
[M=1] 39.2 48.4 33.3 43.5 12.8 53.7 50.9 53.4 25.0 32.5

[(UO2)2]
2+
[M=3] 27.6 0.0 21.6 0.0 0.0 3.4 5.6 0.0 0.0 2.3

[(UO2)2]
2+
[M=5] 60.4 88.0 72.6 64.7 61.1 69.4 62.1 74.0 56.9 62.7
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1.3 Low-lying vertical (spin–free) PBE0 excitation energies

Table 10: [(UO2)2]
4+
[M=1]

Diamond shape T-shape
singlet–singlet

Excitation energy [eV] Intensity Excitation energy [eV] Intensity

3.21 0.4445E-04 3.25 0.0
3.21 0.0 3.30 0.1283E-06
3.24 0.0 3.34 0.1826E-08
3.24 0.2534E-03 3.34 0.8481E-09
3.74 0.0 3.87 0.6702E-04
3.76 0.7313E-04 3.88 0.4351E-04
3.80 0.9104E-03 3.90 0.1184E-06
3.81 0.0 3.90 0.0

singlet–triplet
2.64 0.0 2.69 0.0
2.64 0.0 2.71 0.0
2.67 0.0 2.71 0.0
2.67 0.0 2.74 0.0
2.67 0.0 2.78 0.0
2.72 0.0 2.78 0.0
2.72 0.0 2.79 0.0
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Table 11: [(UO2)2]
4+
[M=3]

Diamond shape T-shape
spin-unrestricted

Excitation energy [eV] Intensity Excitation energy [eV] Intensity

1.06 2.16E-09 0.33 0.000
1.09 5.71E-07 0.46 0.3482E-06
1.10 0.0 0.46 0.3246E-06
1.11 0.0 1.36 0.2789E-03
1.12 7.53E-06 1.38 0.3856E-03
1.27 0.0 1.83 0.5932E-03
1.72 0.0 2.13 0.8366E-05
2.14 9.20E-05 2.18 0.4055E-05
2.28 0.0 2.32 0.3490E-03
2.33 5.63E-03 2.36 0.1264E-02
2.46 0.0 2.70 0.000
2.56 1.15E-03 2.71 0.1050E-02
2.66 0.0 2.71 0.2651E-08
2.76 2.75E-02 2.74 0.4832E-01
2.86 0.0 2.76 0.7596E-08
2.91 2.17E-06 2.89 0.3520E-05
2.93 0.0 2.99 0.1112E-01
3.10 0.0 3.26 0.000
3.10 7.12E-02 3.26 0.000
3.37 0.3074 3.32 0.2470E-05
3.53 1.18E-04 3.47 0.2252E-01
3.76 0.0 3.49 0.5287E-03
3.97 0.0 3.88 0.5112E-04
3.99 1.53E-04 3.88 0.2383E-04
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Table 12: [(UO2)2]
4+
[M=5]

Diamond shape T-shape
spin-unrestricted

Excitation energy [eV] Intensity Excitation energy [eV] Intensity

0.05 4.48E-05 0.33 0.7654E-08
0.16 0.0 0.34 0.3005E-12
1.55 1.55E-07 0.45 0.5137E-06
1.55 0.0 0.45 0.3859E-06
1.56 0.0 0.46 0.1804E-06
1.56 8.11E-08 0.50 0.1207E-10
1.83 0.0 1.30 0.3314E-03
1.86 0.0 1.31 0.3725E-03
1.92 8.42E-04 1.76 0.2723E-09
1.94 1.40E-05 1.77 0.5660E-05
2.83 1.30E-03 2.00 0.7568E-03
2.83 0.0 2.07 0.8918E-05
2.87 0.0 2.08 0.2720E-01
2.88 7.68E-04 2.12 0.1460E-04
2.99 1.59E-02 2.24 0.1376E-01
3.02 0.0 2.26 0.1796E-03
3.03 3.50E-07 2.32 0.2505E-02
3.07 0.0 2.35 0.9836E-03
3.21 2.14E-02 2.36 0.2262E-04
3.21 5.30E-07 2.39 0.1301E-10
3.32 0.0 2.42 0.8301E-03
3.36 0.0 2.50 0.1608E-05
3.48 0.0 2.50 0.3642E-04
3.49 0.0 2.67 0.4844E-04
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Table 13: [(UO2)2]
3+
[M=2]

Diamond shape T-shape
spin-unrestricted

Excitation energy [eV] Intensity Excitation energy [eV] Intensity

0.24 0.2384E-03 0.32 0.1018E-06
0.26 0.0 0.32 0.1324E-06
0.26 0.9316E-05 0.33 0.0
0.28 0.0 1.59 0.7770E-04
0.30 0.8910E-05 1.73 0.7071E-04
0.52 0.0 1.96 0.0
0.73 0.8900E-01 2.09 0.1116E-03
1.78 0.6348E-05 2.23 0.4024E-05
1.82 0.0 2.32 0.1855E-05
1.87 0.0 2.66 0.1304E-06
1.96 0.2348E-01 2.69 0.1991E-05
2.84 0.0 2.72 0.0
2.93 0.2377E-04 2.77 0.1099E-06
3.02 0.0 3.24 0.0
3.02 0.2252E-05 3.30 0.1226E-04
3.09 0.0 3.69 0.5271E-05
3.10 0.1074E-05 3.69 0.4018E-05
3.36 0.0 3.75 0.2493E-04
3.37 0.1144E-04 3.76 0.5611E-06
3.68 0.0 3.78 0.1008E-02
3.69 0.6930E-04 3.86 0.2275E-05
3.69 0.0 3.89 0.0
3.69 0.2532E-04 3.91 0.1765E-05
3.84 0.3996E-03 3.96 0.5257E-02
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Table 14: [(UO2)2]
3+
[M=4]

Diamond shape T-shape
spin-unrestricted

Excitation energy [eV] Intensity Excitation energy [eV] Intensity

0.05 4.48E-05 0.27 0.3025E-06
0.17 0.0 0.27 0.2683E-06
0.78 1.55E-07 0.37 0.2857E-06
1.41 0.0 0.50 0.5815E-11
1.41 0.0 0.53 0.3490E-05
1.41 8.11E-08 0.57 0.2735E-09
1.41 0.0 1.32 0.5592E-10
1.70 0.0 1.40 0.6022E-06
1.71 8.42E-04 1.53 0.2701E-03
1.78 1.40E-05 1.79 0.5697E-09
1.79 1.30E-03 2.01 0.1872E-01
2.64 0.0 2.03 0.3463E-02
2.79 0.0 2.19 0.2862E-05
2.82 7.68E-04 2.23 0.1489E-10
2.93 1.59E-02 2.41 0.2268E-02
2.94 0.0 2.64 0.1466E-05
2.94 3.50E-07 2.65 0.4671E-06
2.95 0.0 2.79 0.1630E-10
2.95 2.14E-02 2.81 0.6035E-01
3.05 5.30E-07 2.92 0.7163E-09
3.11 0.0 3.14 0.1891E-01
3.15 0.0 3.60 0.7388E-10
3.16 0.0 3.67 0.5484E-02
3.23 0.0 3.69 0.1069E-09
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Table 15: [(UO2)2]
2+
[M=1]

Diamond shape T-shape
singlet–singlet

Excitation energy [eV] Intensity Excitation energy [eV] Intensity

0.10 0.3170E-05 0.02 1.23E-06
0.18 0.1226E-08 0.03 0.0
0.18 0.5550E-09 0.05 0.0
0.22 0.4742E-04 0.17 7.26E-08
0.26 0.3362E-03 0.18 3.83E-08
0.31 0.1703E-09 1.34 9.48E-04
1.22 0.3878E-04 1.50 1.83E-04
1.38 0.1556E-08 1.68 0.0
1.52 0.1283E-02 1.70 5.89E-05
1.64 0.2081E-07 1.74 0.0
2.23 0.5117E-05 2.33 0.0
2.74 0.5959 2.45 0.7237
3.06 0.2477E-07 2.47 0.0
3.17 0.4897E-07 2.69 0.2434
3.46 0.4900E-03 3.19 1.09E-02

singlet–triplet
1.35 0.0 1.21 0.0
1.39 0.0 1.21 0.0
1.44 0.0 1.49 0.0
1.46 0.0 1.50 0.0
1.59 0.0 1.56 0.0
1.80 0.0 1.69 0.0
2.60 0.0 2.59 0.0
2.62 0.0 2.73 0.0
2.91 0.0 3.27 0.0
2.92 0.0 3.29 0.0
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Table 16: [(UO2)2]
2+
[M=3]

Diamond shape T-shape
spin-unrestricted

Excitation energy [eV] Intensity Excitation energy [eV] Intensity

0.17 5.98E-04 0.20 0.0
0.31 0.0 0.23 0.5375E-05
1.56 1.11E-08 0.28 0.3366E-07
1.59 0.0 0.28 0.3116E-07
1.60 0.0 0.33 0.0
1.66 1.56E-04 0.44 0.4185E-05
1.73 0.0 1.61 0.4787E-05
1.73 2.62E-06 1.63 0.1633E-03
1.98 0.0 1.76 0.3868E-04
2.03 9.24E-04 1.76 0.1449E-05
2.58 4.53E-04 1.86 0.4191E-04
2.61 0.0 1.92 0.2188E-04
2.64 3.15E-05 2.10 0.1021E-03
2.65 1.30E-02 2.75 0.6171E-02
2.71 0.0 2.90 0.9229E-02
2.75 0.0 3.14 0.7987E-04
2.87 1.82E-03 3.53 0.4007E-05
2.88 0.0 3.53 0.2128E-05
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Table 17: [(UO2)2]
2+
[M=5]

Diamond shape T-shape
spin-unrestricted

Excitation energy [eV] Intensity Excitation energy [eV] Intensity

0.36 0.3440E-05 0.44 1.52E-06
0.38 0.7835E-06 0.47 0.0
0.40 0.1185E-07 0.49 1.35E-10
0.42 0.1288E-05 0.56 3.21E-04
0.65 0.6016E-05 0.73 0.0
0.66 0.1165E-04 0.78 3.91E-09
1.08 0.2726E-05 0.81 1.48E-10
1.11 0.4296E-04 0.81 5.60E-09
1.43 0.1103E-04 0.86 0.0
1.47 0.9867E-04 1.00 0.0
1.62 0.5292E-04 1.06 8.62E-06
1.65 0.3962E-04 1.07 0.0
1.79 0.1704E-02 1.48 0.0
1.90 0.4657E-03 1.65 4.54E-07
2.18 0.8608E-02 1.66 7.97E-06
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