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Note that the data (input/output) corresponding to the QC calculations of this paper

are available at the Zenodo repository.=?

1 Justification for performing all the calculations in the gas
phase

We detail here the reasons justifying that all calculations have been performed in the gas
phase. The first reason is to be consistent with experimental data, as we aim at comparing
single crystal data to our theoretical calculations. A solid medium may be represented
by a dielectric medium of infinite permittivity, which cannot be set in the two quantum
chemistry programs we used, namely Gaussian 16°* and ADF.> However, to quantify long-
range effects, we have optimized the geometry of UO,Cly(phen)s immersed in a water solvent
with &, = 80 described by the continuum polarizable conductor model (CPCM).5657 The
obtained geometries and frequencies are reported in together with the gas-phase
values. We can note that long-range solvent effects change by few hundreds of A the uranium-
ligand bond distances and by at most 21 cm ™! the internal uranyl stretching frequencies, thus

making calculations in the gas-phase fully suitable.

Table S1: Symmetric (v,) and asymmetric (v,,) vibrational modes of the uranyl ions (cm™1),
bond length (A) and angles (°) for UO,Cly(phen), optimized at the DET-PBE(-D3 level of
theory in the gas-phase and in a CPCM water solvent.

XC func  Method vy v,y U=0 O=U=0 U-Cl U-Nu U-Ng

PBEO GP 898 961 1.753 163.4 2,662 2.816  2.699
PBE0O-D3 GP 896 957 1.754 162.7 2.660  2.789  2.680
PBEO-D3 CPCM 891 936 1.754 163.3 2697  2.794  2.648

The comparison of transition energies computed at the scalar relativistic level in the
gas-phase and with a conductor-like screening model (COSMO)®3 510 for the water solvent
reported in further illustrates that long-range interactions have a negligible effects

on excitation energies, shifting them up by at most 474 cm™1.

S-4



2 Comparison of several exchange-correlation functionals on
the uranyl bending energy of UO,Cl,(phen),

In , we compare the bending energy AFE of the UO,Cly(phen)s complex as computed
with several exchange correlation (XC) functionals, such as PBE,* generalized gradient
approximation (GGA), several hybrids PBEQ,>14512 B3LY P S35 BHLY PRY with varying
amounts of Hartree-Fock Exchange, two range-separated functionals, CAM-B3LYP> and

HSE065 and two methods with exact Hartree-Fock exchange, MOGHF 519520

Table S2: AE (in kJmol ") electronic energy difference between the linear and bent struc-
tures optimized at the DFT-PBE0-D3 level of theory, computed with different XC function-
als.

Functional Type AFE

PBE GGA 26.6
B3LYP Hybrid 20.6
BHLYP Hybrid 15.9
PBEO Hybrid 22.0
PBE0+D3 Hybrid + D3 25.3
CAM-B3LYP RSE 21.0
HSE06 RSE 22.5
MO6HF eX 27.6
HF eX 4.4

@ Type refers to the placement of the given functional into the hierarchy of density
functional approximations outlined in Ref. [S21} generalized gradient approximation
(GGA), hybrid, range-separated (SE), exact exchange (eX).

3 Binding energy of phen ligands in UO;Cl;(phen)

The binding energies of axial and equatorial phen ligands to the UO5,Cly; complex are reported

in [Table S3l
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Table S3: Binding energies AE (in kJmol ™) to the UO,Cl, complex of the phen ligand in
axial or equatorial position, computed at the PBE0O-D3 level of theory.

Reaction AE

UO,Cly + phen —— UO,Cly(phen),, —167.5
UO,Cly + phen — UO,Cly(phen),, —250.2




4 QTAIM and NBO analysis

Table S4: Natural population analysis of the uranium 6d and 5f orbitals, taken as the
difference to the UY! oxidation state; atomic charges; QTAIM characteristics in atomic units
of the U=0, U-Cl, and U-N,y, U-Ng, Bond Critical Points, and QTAIM delocalization
indices 6(U—-L); Wiberg bond orders WBO(U — L) in UO5Cly(Phen), PBE0-D3 gas-phase

structures with bent and linear conformations.

Bond o Vip, H, |V|/G 46U, L) WBO(U-L)
bent —UO,Cly(phen),

U=0 032 0.28 —-0.31 1.81 1.91 2.07
Uu-Cl  0.07 0.14 -0.01 1.28 0.59 0.92
U-N.x 0.03 0.09 0.00 1.09 0.20 0.28
U-Ng 0.04 0.11 0.00 1.11 0.24 0.30
n(d) 1.68
n(f) 2.67
q(U) 1.2
q(Oyl) —0.53
q(Cl) —0.41
q(Nae) —0.35
A(Neg) —0.38
linear—UQO,Cly(phen)s
U=0 0.33 027 —-0.32 1.83 1.92 2.05
U-Cl 0.07 014 -0.02 1.29 0.61 0.92
U-N, 0.02 0.06 0.00 1.00 0.12 0.19
U-Ng 0.04 0.12 0.00 1.12 0.26 0.30
n(d) 1.65
n(f) 2.65
q(U) 132
q(Oyl) —0.51
q(Cl) —0.41
q(Nue) —0.36
Q(NeQ) —0.40




5 Supplementary tables

Table S5: SR-ZORA-TDDFT (CAM-B3LYP) vertical transition energies (in cm™!) in linear
and bent UO,*" computed at the UO,Cly(phen); PBE0-D3 geometries.

linear UO,>" bent UOy*"
State Conf. AFE  State Conf. AF
300 17676 30,0 16 983
300 17066
30,0 19110 30,0 18726
30,0 18734
Lo 22555 o, 21640
Loud 21726
o) 27812 lo,0x2 27171
3.0 31545 3m,¢ 30173
37,0 30252
3 31696 3m,¢ 30676
37 30757
.o 33898 lm,¢ 32682
o) 32691
37,0 35539 3w, 33373
37,0 33459

S-8



Table S6: SR-ZORA-TDDFT (CAM-B3LYP) vertical transition energies (in cm™') in
UO,CL% computed at the Cs,UO,Cly geometry.St

Trans. AFE

Tripl. 0,(51%) + C1(47%) 21985

Tripl. ,(48%) + C1(47%) 22810

Tripl. 0,(45%) + C1(52%) 25079
) )

— 0
— 0
— ¢
Tripl. 0,(45%) 4+ C1(52%) — ¢ 25292
38%) + C1(59%) — ¢ 29006
— ¢
— 0
— 0

Sing. oy (

Sing. 0,(37%) + C1(58%) 29186
Sing. 0,(34%) + C1(61%) 30 024
Sing. 0, (33%) + CL(57%) 30 744

Table S7: SR-ZORA-TDDFT (CAM-B3LYP) vertical transition energies (in ecm™) in
UO,Cly computed at the gas-phase PBE(O-D3 geometry.

Trans. AFE

Trip. 0,(42%) + C1(57%) — 6 20170
Trip. 0u(38%) + C1(61%) — § 20863
Trip. 0,(34%) + C1(63%) — ¢ 21223
Trip. 0,(34%) + C1(63%) — ¢ 21506
Sing. 0,(22%) + C1(76%) — ¢ 24250
Sing. 0,(22%) + Cl(76%) — ¢ 24610
Sing. 0,(16%) + C1(82%) — 6 26618
Sing. 0, (17%) + CI(76%) — 6 27630

Table S8: Vertical transition energies (in cm™') computed at the spin-orbit level (SO-
ZORA) (CAM-B3LYP) for in UO,Cl, (TDDFT and TDA approximation), and UOyClyArsy
(TDDFT), all computed at the optimized gas-phase PBE0-D3 geometries.

UOQCIQ UO2CI2Ar2
AFE AF
Trans. TDDFT TDA TDDFT
0. (32%) + CL(62%) — &(87%) + 6(9%) 17303 17703 17714
0. (31%) + CL(63%) — #(93%) + 6(3%) 17466 17845 17916
0.(35%) + CL(59%) — §(77%) + ¢(18%) 17979 18478 18243
0.(33%) + CL(58%) — §(77%) + ¢(18%) 17990 18513 18 256
0.(28%) + CL(63%) — ¢(62%) + 6(29%) 18374 18820 18 787
0.(29%) + CL(64%) — &(71%) 4+ 6(19%) 18475 18897 18938
0.(33%) + CL(59%) — §(69%) + ¢(7%) 19814 20374 20161
0.(30%) + CL(63%) — 6(77%) + 6(2%) 20159 20760 20 398
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Table S10: Assignments of the UO,Cly and UO,Cly(phen)s theoretical luminescence spectra
computed in the gas phase. The energies of the spectra were adjusted to the theoretical
vertical emission energy of the first electron transition.

U0, Cly

E [em™] AFE [em™!] I [au] | Identification
16529 5.23 x 10! 0’(0)%1(0)
16476 52 1.73 x 10| 0°(0)—=1(1v)
16310 219 5.67x 1072| 0°(0)—1(1us)
16 257 271 1.45 x 1072 | 0°(0)—1(1vg,1v3)
16186 343 2.5 x 10% | 0°(0)—1(1u)
15579 049 1.22x 1071 | 0°(0)=1(1vy)
15527 52 3.84 x 1072 | 0°(0)—1(1vp,1vs)
15361 219 9.77x 1073| 0°(0)—=1(1us,1vy)
15308 271 2.24 x 1073 | 0°(0) =1 (10, 1us,1v7)
14630 949 1.92 % 1072 | 0°(0)—1(2uy)
14577 52 584 x 1072 | 0°(0)—1(1vp,204)
13681 049 244 x 107%| 0°(0)—1(3vy)

vy - Cl-U-Cl scissoring, v3 - Oy1—U~0Oy; bending ,
Vs - Oy1—U~0Oy bending + U-CI stretching
v7 - symmetrical Oy —U-—Oy; stretching

UO,Cly(phen)s

FE [em™] AFE [em™!] I [au] | Identification
18464 3.75 x 10| 0°(0)—1(0)
18 380 84 1.83 x 1071 | 0°(0)—1(1vg)
18337 127 2.94 x 1072 | 0°(0)—1(1110)
18216 248 1.55 x 1072 | 0°(0)—1(1vsy)
18183 281 2.05 x 1073 | 0(0)—1(Lrag)
17569 895 1.10 x 10| 0°(0)—1(1vgs)
17485 84 540 %1072 | 0°(0)—1 (1w, Lvgs)
17442 127 7.45 % 1073 | 0°(0)—1(1v10,105)
17320 248 5.95 x 1073 O’(O)—>1(1V21,1V65)
16673 896 2.13 x 1072 | 0°(0)—1(25)
16589 81 1.05x 1072 | 0°(0)—1(1vs,2v65)
16 546 127 1.28 x 1074 | 0°(0)—1(1210,2v5)
16425 248 1.37 x 1073 | 0°(0)—1 (101,205
15777 895  3.20x 1073| 0°(0)—1(3ues)

Vg, V10

- Oy1—U~-0Oy; bending + U-phen stretching ,

v91 - Cl-U~Cl stretching , 156 - Oy1—U—~Oy; 4+ U-phen bending,
Vgs - symmetrical Oy;—U—Oy, stretching
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Table S11: Assignment of the UO,CL% theoretical luminescence spectrum (taken from
Table S4 in Ref. [S2)). The energy of the spectrum was adjusted to the experimental band-
origin value of CsyUO5Cly complex.

E[em™!] Avfem™']  TI[au] | Identification
19155 6.50 x 1071 | 0°(0)->1(0)
18918 237.1 1.43 x 1072 | 0°(0)->1(1vy)
18761 394.4 1.72 x 1073 | 0°(0)->1(2v7)
18261 474.2 3.29 x 107 | 0°(0)->1(2v11)
18024 894.4 2.46 x 1071 | 0°(0)->1(1v14)
18024 237.1 7.21 x 1073 | 0°(0)->1(1vy, 1v1g )
17866 394.4 6.52 x 107 | 0°(0)->1(2v7, 1114)
17786 475.0 1.84 % 10_4 07(O>—>1(2V11,1V14)
17366 894.4 5.91 x 1072 | 0(0)->1(2v14)
17129 237.1 211 x 1073 | 0°(0)->1(1vyy , 2v14)
16972 394.4 1.56 x 107*| 0°(0)->1(2v7, 2v14)
16 891 475.0 5.94 x 107° | 0(0)->1(2v11,2114)
16472 894.4 1.11 x 1072 | 0°(0)->1(3v14)
16 235 237.1 4.66 x 107 | 0°(0)->1(1vyy, 3v14)
16077 394.4 2.95 x 1077 | 0°(0)->1(2v7,3v14)
15997 475.0 1.44 x 107° | 0°(0)->1(2v11, 3114)
15577 894.4 1.80 x 1073 | 07(0)->1(4r14)

v7 - Oy1—U—0Oy; rocking, vy - symmetrical Cl-U-CI stretching ,
v14 - symmetrical Oy —U— Oy stretching

S-12
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Figure S1: FT-IR spectrum of crystals of UO,Cly(phen)s in KBr after isotope exchange of
the terminal oxo-units of the uranyl.
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Figure S2: Raman spectrum of crystals of UO,Cly(phen)s after isotope exchange of the
terminal oxo-units of the uranyl.
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