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S1 Structures of the metallocenes

Experimental geometries for the studied TM metallocenes are available from both gas phase elec-
tron diffraction ' and condensed phase X-ray diffraction (XRD).>® A single crystal XRD struc-
ture is available for the 5f! U(C;H5); .7 As it is well known, global minimum structures of metal-
locenes, i.e. eclipsed or staggered, cannot be unequivocally established due to low ring-rotation
energy barriers. Recorded average structures show nearly Dy symmetry and, usually, eclipsed
conformations for the metallocenes in the gas phase but staggered conformations for the TM met-
allocenes and the 5f' U(C;H,), in the condensed phase, in agreement with computational predic-
tions. 1! Optimized structural data are provided down below (Tables S1, S2) alongside available
experimental structural parameters. The optimized structures are in good agreement with the ex-
perimental and previous computational data.

The ground state geometries of vanadocene and nickelocene feature a five-fold rotational axis
of symmetry with a VI'* (3d%) and a Ni'™ (3d®) metal center respectively. The 3d orbital degener-
acy is lifted by the axial LF, giving rise to a spin quartet (3d,)!(3d;)*(3d,)°, and to a spin triplet
(3d,)*(3d;)*(3d,)?, electronic GS for vanadocene and nickelocene, respectively. The eclipsed
conformers have Dy, symmetry and the optimized GSs belong to the *A’, and *A’ irreducible
representations (irreps) for V and Ni, respectively, while the staggered conformers have D, sym-
metry and the GSs belong to the *A, o, and A, o irreps. Cobaltocene affords a 3d’ Co'™* jon. In the

axial LF, the 3d degeneracy is splitinto a 3d, (a] or a, in Dy, ) and twofold degenerate 3d; (€} or
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ezg) and 3d, (e’l’ or ¢, g) orbitals. The unpaired electron in the degenerate 3d, orbitals leads to an

20.21 remove the orbital-

orbitally degenerate spin-doublet GS (*E{ or °E, ). Jahn-Teller distortions
degeneracy by symmetry lowering from Dy, 4 to C,,;, causing slightly puckered arene ligands.

The lowest energy structure is the C,, one, with a GS of ?B,; symmetry. 4

S2 Choice of active spaces and state-average schemes

Initial CAS calculations for the TM systems were performed using active spaces comprising the
metal 3d shells and their electrons, i.e. CASSCF(3, 5), (7, 5) and (8, 5) for the TM(CsHs),, TM
=V, Co and Ni respectively. In order to account for double-shell correlation,? a set of five 3d’
orbitals was added to the active spaces of Co(CsHs), and Ni(CsHs), leading to (7, 10) and (8, 10)
active spaces. Note that the 3d’-shell correlation is not significant in V(CsHs),. !>2* Lastly, the two
3d,-based bonding MOs were added to the active spaces leading to (7, 7), (11, 12) and (12, 12)
calculations for V(CsHs),, Co(CsHs), and Ni(CsHs), respectively. The latter active spaces were
finally selected as detailed in Section S3 (see below). The state-average was performed over i) 10
spin-quartet, ii) 40 spin-doublet and 10 spin-quartet, and iii) 21 spin-triplet and 28 spin-singlet
states for V(CsHs),, Co(CsHs), and Ni(CsHs), respectively.

For the 5f' U(C;Hjy),, calculations were performed with a minimal active space in which one
electron spanned the seven 5f orbitals, i.e. CASSCF(1, 7). Then, the 6ds- and 5f;-based bonding
and antibonding MOs were successively added to the active space. With the bonding 5f;-based
MOs the active space is (5, 9). Adding further the bonding and antibonding 6d;-based MOs leads
to a (9, 13) active space. Finally, the addition of the 6d_-based nonbonding MO and of the 6d_-
based antibonding MOs, a (9, 16) active space is obtained. The state average was performed over
seven SR spin-doublet states. Only the results obatined with CAS(9, 13) are reported in the main
manuscript since this active space is well balanced (includes all important bonding and corre-
sponding antibonding MOs), describing at best the bonding in U(C;H;),. Results obtained with
the remaing active spaces are reported in the SI and adequately referenced in the main manuscript.
[RAS1, RAS2, RAS3]) ap-
proach for the TM =V, Co metallocenes and for the 5! U(C;H5), . A large active space is divided

Spin polarization effects were introduced through the RASCI(n,;,
in three sub-spaces (RAS1, RAS2 and RAS3), and then multiconfigurational wave functions are
generated by correlating n,, electrons among the different sub-spaces, with the restrictions that
only n holes are allowed in RAS1 and only m electrons in RAS3 (n = m = 1 was chosen in this
work). For the TM cases, from the CAS-SR converged MOs (largest CAS), only the magnetic or-
bitals are kept in RAS2, the remaining 7 MOs (below the magnetic orbitals) were added in RAS1
alongside additional 14 C 2p,_ orbitals for TM = Co, and additional 10 C Is orbitals for TM =V,
while a large set of 100 virtual orbitals were added in RAS3. For the 5! U(C;H,),, the 5f, and
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5f, MOs from the converged CAS(9, 16) set are kept in RAS2. Then, the (x5 — 5fy) ., (75 — 6d;),
and remaining valence 7 MOs are added to RAS1 (9 MOs in total) alongside an additional 14 C
2p, orbitals, while 100 virtual orbitals are added to RAS3.

S3 Choosing the active space for the TM metallocenes

For metallocenes, accurate energetics has proved to be difficult to predict through CAS approaches
with issues being related to the manifestation of strong dynamic correlation, difficult to cap-
ture within affordable active spaces.!>2>2* In this work, both the 3d (e.g. 3d,, (r; — 3d;), and
(z, —3d_)_ MOs) and 3d + 3d’ active spaces were found unsuitable to tackle the low-lying elec-
tronic structure of cobaltocene in particular, since they yielded an incorrect spin-quartet GS in
CAS-SR calculations. This scenario is common to an uncomplexed Co® atom. That is, a large
fraction of dynamic correlation is not captured within the small active spaces and the inclusion
of additional orbitals alongside the 3d and 3d’ sets is necessary to obtain a correct ordering of
the electronic states at the CAS-SR level. The active space of cobaltocene, and of the other met-
allocenes, were therefore extended with the bonding (z, — 3d,), MOs. With the resulted active
spaces, CAS-SR and PT2-SR ground-state potential energy surface (PES) scans were performed
along the distances between the metal centers and ring-centroids, in order to check if they re-
produce acceptable equilibrium "¢ values in the different metallocenes (see scans in Figure S2).
PT2-SR predicted "¢ values (1.87, 1.67 and 1.77 A for vanadocene, cobaltocene and nickelocene
respectively) which are at least 0.15 A shorter than the CAS-SR counterparts, and systematically
shorter than the measured or DFT-GGA ones by 0.04 A on average. This is due to the selected
active spaces which include the bonding (7; — 3ds), MOs but not their antibonding pairs, and
thus bonding is slightly favoured. Nonetheless, the obtained values are accurate enough to state
that the bonding in these metallocenes is, to a good extent, captured by the selected larger active

spaces.

S4 U(C;H5),: Orbital composition of the GS SOC wavefunction based on

CF arguments

The expansion of key |J, +M ;) Kramers of the 5f' UV ion, in terms of the f.f,.1;, f¢ SOC free

states, are: 220

SRRV NTU‘I

, =) = 0.655f, + 0.756f, (D

|5, +>) = 0.377f5 + 0.926f )
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%, J_r%> = 0.756f, + 0.655f, 3)

Gourier et al. found that the expression of the |J,+M ;) GS wavefunction according to which
the experimental g factors are well reproduced, is a mixture of the I%, i%) and |§, i%) Kramers

states: 2

5 1 5 5
= +0.948]|=, +=) + 0.323|2, += 4
|+) = +0.9 |2,iz>:r I2,12> “4)

Combining egs. (1), (2) and (4), the |J,+M ) GS wavefunction expression reads: >
|+) = ¥0.621f, + 0.717f, F 0.122f; + 0.298f, &)
which in terms of percentage composition reads: >

|+) = 38.5%F, + 51.4%f, + 1.5%f; + 8.9%f, (6)

S5 Spin density distribution in U(C;H7), vs. U(CgHyg)

p*F Can. orb. NLMO

U(C;H,);

U(C4Hy)

Figure S1: 5f' vs. the 5f actinocene. Left: GS Spin density distribution (p*~#) visualized with
an isosurface value of +0.001. Contour-line plots show the spin polarization in the vertical plane,
containing the seven/eight-fold rotational axis, and in the horizontal plane defined by the C atoms
of an arene ligand. Right: The U 6p,-based canonical orbital (can. orb.) and corresponding natural
localized MO (NLMO), vizualized with an isosurface value of +0.02. For the p*~# plots, orange
(light shading) and blue (dark shading) stand for negative and positive spin density respectively.
BP/TZ2P calculations on the eclipsed experimental structures.

The U(C;Hg) system affords essentially a 5f_ 5, (°E,, in Dg,) GS*-* for which AOC BP/TZ2P
calculations, followed by an NBO analysis, reveals ligand atomic spin populations similar with
those in U(C;H,), (see Table S3). This aspect is evident also from the comparison of the spin
density distribution in the 5f' vs. the 5f* actinocene visualized in Figure S1. The figure further
shows plots of the U 6p,-based canonical and corresponding natural localized MO. While, as ex-
pected, the canonical orbital appears largely delocalized, in fact overlapping with arene ¢ bonds

alike the 3d_ localized orbital in V(CsHs),, the natural orbital is strongly localized on the U center
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is strongly core-like in character (100% U 6p, character in both actinocenes). We conclude that a
spin polarization of the arene ligands in the 5f' or the 5f* actinocene by the U 6p or 6s electrons
(the 6p,, 6p, and 6s natural localized orbitals have the same features as the 6p, natural orbital and
therefore not shown in Figure S1) is unlikely to be effective. In fact, in U(C;H;),, a polarization
of the ligand o networks would more likely arise from the U 6d, orbital. However, the total pop-
ulation of 6d_ is around 0.1 (Table S5), and thus it would also be an unlikely source for such a

spin-polarization.

Table S1: Equilibrium bond lengths (in z&) between the metal centers and 1) ring centroids (#11¢),
and ii) C atoms (), and between pairs of C atoms (r©C), at eclipsed and staggered conformers.
Top-bar notation is used to denote an averaged distance.

System Functional Eclipsed Staggered Jahn-Teller
rring I‘C rC—C rring rC rC»C fC ;C—C
Co(CsHs), BP .72 2.11 143 173 211 143 210 143

PBE 1.71 210 143 172 210 143 210 143
B3LYP 1.78 2.15 142 179 216 142 215 142
PBEO 1.73 211 142 174 212 142 211 142
Expt.? 1.74 - - 1.74 - - 2.12 143
U(C;H7), BP 202 260 142 202 260 142 - -
PBE 201 259 142 201 259 142 - -
B3LYP 204 262 142 205 262 142 - -
PBEO 1.99 258 142 200 258 142 - -
Expt.? 198 253 137 198 253 137 - -

4Gas phase electron diffraction data. !> °XRD data.®

Table S2: Calculated equilibrium bond lengths (in A) between the metal centers and i) ring cen-
troids (#"¢), and ii) ring C atoms (+©), and between pairs of C atoms (#©), at the eclipsed and
staggered conformers.

System Functional Eclipsed Staggered
rring +C 7CC rring +C #C-C
V(CsHs), BP 192 227 143 193 228 143

PBE 191 226 143 192 227 143
B3LYP 197 231 142 198 231 142
PBEO 193 227 141 193 227 141
Expt.¢ 193 228 143 193 228 143

Ni(CsHs), BP 1.82 219 143 1.82 219 143
PBE 1.81 2.18 143 1.81 2.18 1.43

B3LYP 1.87 223 142 187 223 142

PBEO 1.83 219 142 183 219 142

Expt.? 1.83 220 143 1.83 220 1.43

Gas phase electron diffraction data.? ?Gas phase electron diffraction data.*
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Table S3: Atomic spin populations obtained with various functionals and TZ2P basis sets.”
System Atom BP PBE  B3LYP PBEO

MPA NPA MPA MPA MPA NPA

Co(CsHs),>  Co 0.728 0.664 0.723 1.082 1.112 1.039

0.718 0.657 0.715 0.865 0.868 0.810

C 0.028 0.034 0.028 —-0.009 —-0.013 —-0.004

0.029 0.035 0.029 0.013 0.013 0.020

H -0.001 -0.001  0.000 0.001 0.002 0.000

-0.001 -0.001  0.000 0.000 0.000  —0.001

U(CH,)5 ¢ U 1299 1230 1.282 1521 1530  1.457
1214 1.171 1233 1368 1452 1381
C  -0.025 -0.019 -0.024 —0.039 —0.040 —0.035
-0.023 -0.016 -0.021 —-0.029 -0.035 —0.030
H 0.004  0.003 0004 0002 0003 0.002
0.005  0.004 0004 0002 0.003 0.003
U(CgHg)? U 2.192  2.141
C  -0.014 —-0.010
H 0.002  0.001

“Italic font is used to emphasize that the converged DFT solution is significantly spin-contaminated. For the
eclipsed cobaltocene, ($2) ~ 0.94 instead of 0.75. ®(Averaged) atomic spin populations obtained at the optimized
D5, /Jahn-Teller C,, geometry are listed on the first/second lines. “Atomic spin populations obtained at the
optimized/experimental D, geometry are listed on the first/second lines. ¢ The experimental Dg;, geometry with
standard C-H bond lengths, is used. 30,31

Table S4: Atomic spin populations obtained with various functionals and TZ2P basis sets.
System Atom BP PBE B3LYP PBEO
MPA NPA MPA MPA MPA NPA
V(CsHg),* \Y% 3.030 2.859 2.988 3.018 3.057 2922
C —-0.005 0.011 -0.001 -0.005 —-0.009 0.005
H 0.002 0.003 0.002 0.003 0.004 0.003

Ni(CsHs),? Ni 1.050 1.001 1.062 1.212 1.240 1.235
C 0.101 0.103 0.098 0.081 0.079 0.079
H -0.005 -0.003 -0.004 -0.002 -0.003 —-0.003

9The optimized Ds,, geometries are used.
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Table S5: Calculated metal electronic configuration in cobaltocene and U(C;H5), .¢

System Spin Configuration
CO(C5H5)2b a (3do-)0'98(3d,[)1'58(3(15)1'87
ﬂ (3da)0.98(3dﬂ)0495(3d6)1.84

U(C7H7)2—b a (5f6)0'94(5fﬂ)0'15(5f5)1'08(5f¢)0'02(6d6)0'06(6(1”)0'37(6(15)0'63
ﬂ (Sfa )0404 (5fﬂ )0.15 (5f5 )0.85 (5f¢)0'02(6dg)0'06(6d” )0.35 (6d5)0'61

U(C7H7)2_C a (5fa)0‘93(5fﬂ)0‘17(5f5)1'06(5f¢)0'02(6dg)0'07(6d”)0'36(6d5)0‘65
,B (ng )0.04 (Sf,[ )O. 1 6(5f6 )0'86(5f¢)0'02(6da)0'07 (6d” )0.35 (6d5)0'63

U(C7H7)2—d a (5fg)0.93(5f7[)0.14(5f6)1.08(5f¢)0.02(6da)0.07(6d”)0.38(6d5)0.68
ﬁ (ng )0‘04 (Sf,[ )O. 14(5f6 )0.73 (5f¢)0‘02(6d0.)0‘06(6d” )0‘36(6(15)0'64

U(CSHS)C a (5fg)0.96(5f7[)0.12(5f6)0.75 (5f¢)0‘90(6(10.)0‘06(6(1”)0‘35(6d5)0'50
ﬂ (Sfa )0.05 (Sfﬂ )0. 11 (5f5 )0.54(5f¢)0.02(6d6)0.06(6d” )().33 (6(315)0'45

@Natural population analyses, BP/TZ2P. ?Optimized eclipsed geometry. “Experimental eclipsed geometry.
4PBE0/TZ2P, experimental eclipsed geometry.

Table S6: Calculated metal electronic configuration in vanadocene and nickelocene.?
System Level Spin Configuration
V(CsHs),>  BP/TZ2P a  (3d,)%°(3d, )0 7*(3ds)" 77
ﬁ (3da)0.06(3dﬂ)0.58(3d6)0.03

PBEO/TZ2P

S

(3d6 )0.97(3(1”)0.65 (3d5 ) 1.83
ﬂ (3d6)0.06(3dﬂ)0.50(3d5)0.02

S

Ni(CsHs),>  BP/TZ2P (3d,)%%(3d,)192(3ds)

ﬂ (3d6 )0'98(3(1”)1'00(3(15)1'92

PBEO/TZ2P o«  (3d,)**°(3d,)"*°(3d;)"*’
ﬂ (3d0)0.99(3dﬂ)0.76(3d5)1.95

Natural population analyses. *The optimized Ds;, geometry is used.

Table S7: Relative energies (in eV) between the lowest-lying spin-doublet electronic configura-

tions of cobaltocene.”
Configuration® CAS-SR/SO PT2-SR/SO Expt.c Expt/

(7)) 76, )30 _)3 0.00/0.00 0.00/0.00  0.00  0.00
0.00/0.00 0.00/0.00
0.42/0.42 0.40/0.40

()% (0) 56,3 (2 ) 1.95/1.98 1.92/1.94 1.88 1.90
1.97/1.97 1.92/1.92

“The energies given in italics are for the eclipsed BP/TZ2P geometry, otherwise the C,, Jahn-Teller structure was
used. ® The 7, o, 8, and z_ notations are used for brevity instead of (z, — 3d,),, 3d,, (75 — 3d;), and

(z, —3d,)_. Superscript numbers are occupations of the converged NOs at the eclipsed geometry. ‘From ref. 32,
cobaltocene diluted in a ruthenocene single crystal at 4 K. ¢From ref 33, cobaltocene in isooctane solution.
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Table S8: Relative energies (in eV) between the lowest-lying spin-quartet electronic configura-
tions of vanadocene and spin-triplet ones of nickelocene.
System Configuration® CAS-SR(SO) PT2-SR(SO) Expt.©
V(CsHs),*  (2,.)3%%(0)199(5,)18(x_)0%%  0.00 (0.00) 0.00 (0.00)  0.00
(> P @) ) ()0 1,93 (1.93) 2221222 214

Ni(CsHs),*  (7,)>%(0)!198(6,)3(x_)*%  0.00 (0.00) 0.00 (0.00)  0.00
(> B)24(5,)3 N (x_)*?  1.79 (1.80) 1.73 (1.74) 1.80

%The eclipsed BP/TZ2P geometries are used. The CAS(7, 7) and CAS(12, 12) are used for vanadocene and
nickelocene respectively. bThe « +» 0, 0, and 7_ notations are used for brevity instead of (x, —3d,),, 3d,,
(ms — 3d;), and (xr, — 3d,)_. Superscript numbers are occupations of the converged NOs. “From ref. 33.

30 3.0
CAS(7,7)-SR —— CAS(11, 12)-SR ——
PT2(7,7)-SR —>— PT2(11, 12)-SR  —*—
20t 201
d %
b g
0.0 : : L 0.0 . N ]
1.7 1.8 1.9 2.0 2.1 2.2 ’ 1.5 1.6 1.7 1.8 1.9
HV-CH,), A HCo-C,H,), A
1.5
CAS(12, 12)-SR —— 3.0 CAS(9, 13)-SR ——
PT2(12, 12)-SR  —*— PT2(9, 13)-SR —=—
CAS(9, 13)-SO
PT2(9, 13)-SO
1.0 1
2.0 r
g 2
05 N 10 [
» ‘ L | \\ -
1.6 1.7 1.8 1.9 2.0 2.1 18 1.9 2.0 2.1 2.2
H(Ni-C.H,), A #U-CH)), A

Figure S2: Evolution of the ground-state energy, calculated with different ab initio approaches,
as a function of the distance between the metal center and ring centroids in the eclipsed BP/TZ2P
structures of vanadocene (top left), cobaltocene (top right), nickelocene (bottom left), and in the
eclipsed experimental structure of U(C;H5), (bottom right).
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Figure S3: Simplified scheme, proposed by Gourier et al.25 showing how a spin density in the 5f'
U(C;H;), may arise at the arene C and H centers due to metal-ligand bonding.

Table S9: Excitation energies (in eV) between the SOC levels of the GS in VI*, Co™*, Ni'l*
and UY* ions obtained with CAS(3, 5)-SO, CAS(7, 5)-SO, CAS(8, 5)-SO and CAS(7, 15)-SO
calculations respectively.

Ion Excitation Calc. Expt.?
Vit 4Fy ) > s, 0019 0.018
‘Fyp = ‘Frn 0.047  0.042
*F3y = ‘Fgy  0.083  0.072

C0H+ 4F9/2 = 4F7/2 0102 0104
4F9/2 g 4F5/2 0182 0180
*Fo/y = *F3 0239 0.232

Nil*  3F, -3F;  0.164 0.169
F, - 3F; 02838 0.281

UVt 2F, - 4F;, 0982 0.943

4ANO-RCC-VTZP basis sets are used. For the TM ions, the active spaces comprise the five 3d orbitals and their
electrons while the state average/state interaction spaces consist of 10 spin-quartet states for V and Co and 10 spin-
triplet states for Ni. For the actinide ion, the CAS comprises the 5f, 6d and 6p orbitals and their electrons while the
state average/state interaction spaces consist of 7 spin-doublet states. *From the NIST database.
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Table S10: Low-lying electronic states for the 5! U(C;H5),: wavefunction compositions and
relative energies obtained through CAS-SR /SO and PT2-SR / SO (values in parantheses).”

State Composition? AE(eV) Composition® AEeV)
CAS(1, 7)-SR CAS(1, 7)-SO7
2y (5f,)1-00 0.00 (0.00)  70%*E+30%11  0.00 (0.00)
2P (54100 0.29 (0.40) 98%>® 0.15(0.27)
11 (5£,)1-00 0.53 (0.52) 90%2T1+10%2A  0.81 (0.85)
ZA (5£;)100 1.91 (2.63) 100%2d 0.92 (0.92)

70%*114+30%2%  0.93 (1.03)
90%2A+10%2I1  2.08 (2.76)
98%2A+2%>®  2.43 (3.15)

CAS(5, 9)-SR CAS(5, 9)-SO

2y, (5£5)373(5¢,)09 (56, )02 0.00 (0.00)  70%2X+30%2I1  0.00 (0.00)
2p (5£5)374(5£,) (5£5)°* 0.32 (0.41) 100%2d 0.33 (0.34)
2y (55)>71(5£,)098 (56 )04 0.51 (0.50) 100%211 0.93 (0.92)
2LMCT (55)%97(51,)09(56,)* 1.81 (1.72)  70%2I1+30%2%  0.95 (0.95)
100%>® 0.97 (1.06)

CAS(9, 16)-SR CAS(9, 16)-SO
2y (6d1)>93(5£5)> T4(56,)090 (5£5)0-24 0.00 (0.00) 70%%=+30%2I1  0.00 (0.00)
20 (67 >3 (5£7)>74(56,)0 (56504 0.32(0.38)  98%°®+2%*A  0.20 (0.27)
211 (64 )93 (5£7)>T2(5F,)" %8 (5¢,)0-23 0.49 (0.47)  92%T1+8%2A  0.81 (0.79)
ZA (6} Y (5FF0(5F;)090(5,)0 2 (5£,)01 1.89 (1.84)  70%*TTI+30%°E  0.92 (0.91)

100%2® 0.96 (1.03)
N%*A+8%TT  2.12 (2.07)
98%2A+2%>d  2.36 (2.32)

%The eclipsed experimental geometry is used. See Table S11 for results obtained at the eclipsed BP/TZ2P geometry.
bThe compositions of the SR wave functions are given in terms of the NOs that are significantly populated; the 6d;,

Sf(;r and 5f; notations are used for brevity instead of (7; — 6d;).,., (5 — 5f5), and (x5 — 5f5)_. “Given in terms of
the SR states on the first column.
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Table S11: Calculated low-lying electronic states for the 5f! U(C;H;),: wave function com-
positions and relative energies obtained through CAS-SR / SO and PT2-SR / SO (values listed
parenthesis).”

State Compositionb AE(V) Composition® AE(eV)
CAS(1, 7)-SR CAS(1, 7)-SO
2y (5£,)100 0.00 (0.00) 68%2X+32%2IT  0.00 (0.00)
2p (5£,)100 0.26 (0.35) 98%2d 0.14 (0.24)
2y (5£,)1-00 0.47 (0.45)  96%2T1+4%2A  0.76 (0.80)
ZA (55100 1.75 (2.48) 100%2® 0.91 (0.91)

68%211432%%%  0.92 (1.01)
96%>A+4%TT  1.95 (2.63)
98%%A+2%>®  2.30 (3.02)

CAS(5, 9)-SR CAS(5, 9)-SO
2y, (5£5)370(5¢,,)099(5£; 028 0.00 (0.00)  67%>=+33%2I1  0.00 (0.00)
2p (5£5)>70(5¢,)098 (5£ )08 0.29 (0.36) 100%2d 0.24 (0.31)
2y (5£)367(5£,)098 (58027 0.46 (0.43) 100%211 0.89 (0.88)
2LMCT (5£5)>97(5¢,,)098 (56 )08 1.67 (1.55) 67%2H+3;3%22 0.94 (0.94)
100%2® 0.96 (1.04)

CAS(9, 13)-SR CAS(9, 13)-SO
’z (6d) > 94(5EF)> 7T (5F,)09 (55027 0.00 (0.00)  67%*Z+33%I1  0.00 (0.00)
20 (6> 94(5£7)> 71 (56,4)0° (56, )02 0.26 (0.35)  98%2®+2%>A  0.16 (0.26)
ut! (6d; Y94 (57 )08 (55,08 (58 )0-26 0.45(0.40)  92%°TI+8%*A  0.78 (0.74)
ZA (6d) )y OH(SE1)P2(55)097(5,)018(56,)020 1.78 (1.64)  67%*TI+33%*E  0.92 (0.91)

100%2® 0.93 (1.05)
92%2A+8%211  2.03 (1.92)
98%2A+2%2d  2.27 (2.15)

CAS(9, 16)-SO CAS(9, 16)-SO
2y (6d} Y>3 (5£1)> 7L (5F,)098 (585027 0.00 (0.00) 67%%X+33%2I1  0.00 (0.00)
2p (6d;)*93(5£7)%70(56 )08 (5f; )08 0.29 (0.34)  98%2®+2%2A  0.19 (0.25)
s (6d;)>92(5£7)>68(5F,)9%8 (58026 043 (0.40)  92%°TI+8%*A  0.76 (0.78)
2A (6d)392(57)32(565)090 (56,02 (5,)%18 171 (1.65)  67%*T1+33%*E  0.91 (0.90)

100%2® 0.96 (1.00)
92%*A+8%TT  1.97 (1.91)
98%*A+2%>® 221 (2.16)

2The SR eclipsed BP/TZ2P geometry is used, °The compositions of the SR wave functions are given in terms of the
active-space NO that are significantly populated; the 6d;, Sf(;r and 5f; notations are used for brevity instead of

(s — 6ds),, (r5 — 5f5), and (m5 — 5f5)_. “SOC wave-function composition given in terms of the SR states printed
on the first column.
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Table S12: Calculated lowest-lying electronic states for the 5! U(C;H;); complex:* wave-
function compositions and relative energies obtained through CAS-SR / SO approaches.”

State Composition® AE  Composition? AE
CAS(5, 9)-SR CAS(5, 9)-SO

2y (5T)71(5E,)098(5F,)0%  0.00  70%*E+30%T1  0.00

20 (5£5)300(5£,)097(56)024 0.37 100%*® 0.29

21 (55 )362(5£,)095(5£,)021 051 100%211 0.91

2LMCT (51 (55,)097(56,)°7 1,90 T0%*TI+30%°E  0.92

100%2® 0.98

100%*LMCT  1.97

The eclipsed experimental geometry is used, “The ORCA4.0 software package>* is used to perform these
calculations; the segmented all-electrons relativistically contracted valence triple-{ (SARC-TZVP) basis set? is
used for the U center while the def2-TZVP ones3¢-37 are used for C and H centers; SR effects are introduced through
the second-order Douglass-Kroll-Hess (DKH2) Hamiltonian.; 3% SOC is introduced through the mean-field
spin-orbit configuration interaction approach as implemented in ORCA, “The compositions of the SR wave
functions are given in terms of the NOs that are significantly populated; the Sf(;r and 5f; notations are used for

brevity instead of(zs — 5f5), and (75 — 5f5)_. 4Given in terms of the SR states shown on the left column.

Table S13: Expectation values of the spin and angular momentum obtained for the GS of the 5f'
U(C;H5), system through CAS-SO calculations.

Active space (L) (L) (S (S)
CAS(1,7)  +0.283 +1.498 +0.211 =0.356
CAS(5,9)  +0.297 +1.845 +0.197 =0.348

CAS(9,13) +0.298 +1.895 +0.197 70.348
CAS(9,16) +0.299 +1.781 +0.196 F0.348

%The eclipsed experimental geometry is used.
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Table S14: Calculated GS g factors for vanadocene and nickelocene.?

Functional ~ Approach V(CsHs), Ni(CsHs),
81 8 83 81 &2 &3
BP SR-ZORA? 2.00 2.00 2.00 200 2.04 204

SO-ZORA® 1.99 1.99 2.00 200 204 204

PBE SR-ZORA? 2.00 2.00 2.00 200 2.04 204
SO-ZORA® 2.00 2.00 2.00 200 2.04 204

B3LYP SR-ZORA®? 199 1.99 2.00 200 2.09 2.09
SO-ZORA® 199 1.99 2.00 200 2.08 2.08

PBEO SR-ZORA? 199 1.99 2.00 200 2.09 2.09
SO-ZORA® 199 1.99 2.00 2.00 2.08 2.08

- CAS-SOY  1.98 1.98 2.00 200 214 1.14
- PT-SO“ 1.98 198 2.00 200 214 214

Expt.° 1.99 199 2.00 200 211 2.11

2The SR eclipsed geometries are used. *Perturbative treatment of SOC. ¢Spin-unrestricted calculations using the
collinear approach. “The CAS(7, 7) and CAS(12, 12) are used for vanadocene and nickelocene respectively. ¢Data
from ref. 41 for vanadocene and from ref. 42 for nickelocene.

Table S15: Calculated GS g factors for U(C;H;), with CAS-SO and PT2-SO using various active
spaces.“

Method g” 81
CAS(1,7)-SO 141 1.57
PT(1, 7)-SO 141 1.59

CAS(5,9)-SO 138 229
PT(5,9)-SO 138 230

CAS(9, 16)-SO  1.38 2.17
PT2(9,16)-SO 1.36 2.23

Expt.? 124 237

“The eclipsed experimental geometry is used for the 5f ! U(C;H5); . "Data from ref. 25.
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Table S16: Calculated GS isotropic HyFCCs (in MHz) for vanadocene and nickelocene.”

Functional ~ Approach V(CsHs), Ni(CsHs),
AC  AH 4C yH
180 180 1S0 1SO
BP SR-ZORA -0.88 3.01 396 -4.36

SR-ZORA? -0.85 3.02 3.81 —4.39
SO-ZORA¢ -0.78 3.01 374 438

PBE SR-ZORA  -0.89 3.08 447 -4.10
SR-ZORA? —0.87 3.08 432 —4.14
SO-ZORA¢ -0.80 3.09 432 -4.13

B3LYP SR-ZORA —-0.60 2.61 483 —3.67
SR-ZORAY® -0.57 2.62 4.64 =3.71
SO-ZORA¢ —-0.53 2.6l 4.64 =372

PBEO SR-ZORA -1.10 2.80 5.10 -3.71
SR-ZORA? -1.07 2.81 491 =3.77
SO-ZORA¢ —-1.02 2.81 491 =375

Expt.4 - 2.33 - —3.53

4GS data. The eclipsed geometries are used. *Perturbative treatment of SOC. ¢Spin-unrestricted calculations using
the collinear approach. Data from ref. 43 for both vanadocene and nickelocene.
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