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1 INTRODUCTION

Unravelling the quantum-entanglement effect of noble gas coordina-
tion on the spin ground state of CUO"

Pawel Tecmer,*“* Katharina Boguslawski,Mi Ors Legeza,b and Markus Reiher“

DOI: 10.1039/C3CP53975])

The accurate description of the complexation of the CUO molecule by Ne and Ar noble gas matrices represents a challenging
task for present-day quantum chemistry. Especially, the accurate prediction of the spin ground state of different CUO-noble-gas
complexes remains elusive. In this work, the interaction of the CUO unit with the surrounding noble gas matrices is investigated
in terms of complexation energies and dissected into its molecular orbital quantum entanglement patterns. Our analysis elucidates
the anticipated singlet—triplet ground-state reversal of the CUO molecule diluted in different noble gas matrices and demonstrates
that the strongest uranium-noble gas interaction is found for CUOA1y in its triplet configuration.

1 Introduction

Uranium chemistry represents a diverse field of chemistry 1™,
Apart from the employment of large uranium complexes in nu-
clear waste reprocessing". and catalysis®Y, there exists a
number of small uranium-containing compounds that exhibit
peculiar and unusual features'2*1%. Examples are the notori-
ous quintuple bond for the U, dimer!” and the discovery of
the unexpected complexation of uranium compounds by noble
gases 18720,

Especially, the remarkable and even “mysterious” interaction
of the CUO molecule with different noble gas matrices has at-
tracted much attention of both experimentalists and quantum
chemists over the past decade. In experimental studies, dilu-
tion of CUO into different noble gas environments led to a blue
shift of the characteristic asymmetric UO and UC vibrational
frequencies (by ~70 and ~200 cm™!, respectively) when the
noble gas surrounding was systematically varied from Ne to
Ar#l2Z. Based on these results, a ground state spin change
from the 'X* singlet to the 3® triplet state of the CUO unit
has been anticipated if the noble gas matrix is altered from Ne
to Ar2l"29 So far, this hypothesis could not be confirmed in
any quantum chemical study.

Due to partially occupied f-orbitals and the high nuclear
charge number of the U atom, a balanced treatment of both rel-
ativistic2228 and electron correlation effects is essential“23%
which remains a challenging task even for present-day quantum
chemistry®>=9, In general, an accurate description of uranium-
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containing compounds requires a four-component fully rela-
tivistic framework, where in the case of linear molecules, the
quantum number of the projected total angular momentum Q is
a good quantum number. Since, however, spin—orbit coupling
in the CUO molecule is small compared to the correlation en-
ergy=13234 it is sufficient to consider scalar relativistic effects
only for a qualitative analysis, while spin—orbit coupling may
be added a posteriori in a perturbative treatment=’. It is then
most fortunate that, within such a scalar-relativistic description,
electronic states may be still classified according to spin and
projected orbital angular momentum symmetries as ' X, 3®, and
so forth.

Yet, even in scalar relativistic calculations, the proper pre-
diction of spin-state energetics for the bare CUO molecule re-
mains extremely challenging. It was shown by one of us that
(all-electron) density functional theory (DFT) predicts the 3®
state to be slightly lower in energy than the 'L+ state**. Sim-
ilarly, Hartree—Fock calculations yield a triplet ground state™
which may limit the applicability of single-reference methods
relying on a Hartree—Fock reference wave function. Besides,
the anticipated singlet—triplet spin crossover may have a sig-
nificant multi-determinant character and thus ab initio multi-
reference wave function approaches are required. One possi-
bility would be the application of the standard complete active
space self-consistent field (CASSCF) method¥, but it is only
applicable to the bare CUO unit since the active space neces-
sary to describe noble-gas—CUO complexes would exceed the
current limit of the method of say, 18 correlated electrons in 18
spatial orbitals.

An alternative ansatz, which allows one to consider much
larger active spaces than CASSCEF, is the density matrix renor-
malization group (DMRG) algorithm*? developed by White“!
for solid state physics. The quantum chemical extension of
DMRG#"43 has been successfully applied in many areas of
chemistry, including very challenging systems such us open—
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shell transition metal complexes***®, An advantage of DMRG
is that it allows to capture all types of electron correlation ef-
fects (dynamic, static and non-dynamic) in a given active space
in a balanced way*Z. In other words, the DMRG wave function
is rather flexible to adjust to all changes in electron correlation
induced by structural changes*® such as ligand coordination.

In this work, we present a DMRG study of CUO, CUONe4
and CUOA1, in their singlet and triplet states. An entangle-
ment analysis as outlined in Refs. [47/49is employed to dissect
the origin of the stabilization of CUO in different noble gas
matrices in terms of orbital correlations. This analysis will al-
low us to elucidate the singlet-triplet state reversal of the CUO
molecule when the noble gas environment is varied.

2 Computational details

2.1 Basis sets and relativity.

For the C, O and U atom, a contracted triple-{ polarization
(TZP) ANO-RCC basis sets was used: (14s9p4d3f2g) —
[4s3p2d1£]°Y for C and O, and (26s23p17d13f5g3h) —
[958 p6d2 f1°Y for U. For the noble gas atoms (Ne and Ar), a
contracted double-{ polarization (DZP) ANO-RCC basis sets
was employed: (14s9p4d3f2g) — [3s2p1d]-".

Scalar relativistic effects were incorporated through the 10th-
order Douglas—Kroll-Hess (DKH10) Hamiltonian"%>* as im-
plemented in the MOLPRO 2010.1 quantum chemical pack-
age.”>

The value of spin—orbit coupling has been extracted from
the Fock-Space coupled cluster singles and doubles results with
and without spin-orbit coupling provided in Ref. |34l In partic-
ular, the values of 0.40 eV and 0.33 eV were assigned to Q =2
and Q = 3 states of the 3® CUO, respectively. These energy
contributions were added a posteriori to the scalar relativistic
results.

2.2 CASSCF.

All CASSCF calculations were performed with the MOL-
PRO 2010.1 quantum chemical package>> imposing C», point
group symmetry. For 'Zt CUO, 'A; CUONe; and 'A;
CUOAIr4 and all U-Ng distances, the active spaces comprise
12 electrons in 12 orbitals (CAS(12,12)SCF). Such an active
space contains the bonding and antibonding combinations of
the 2p,-orbitals of C and O with the U 6d- and 5 f-orbitals
(4 orbitals in A} symmetry) as well as the bonding and anti-
bonding combinations of the 2px- and 2py- orbitals of C and
O with the U 6d- and 5f-orbitals (4 orbitals in B; and B,
symmetry, respectively). For the corresponding triplet states,
the nonbonding 5 fj-orbital of the U atom was additionally in-
cluded in the active space, which results in CAS(12,14)SCF

calculations (one additional orbital in B; and one in B, sym-
metry). It is well-known that such nonbonding orbitals con-
tribute very little to the total correlation energy in the CASSCF
approach>®, and therefore CAS(12,12)SCF can be compared to
CAS(12,14)SCF. Note that no noble gas orbitals are contained
in any of the CASSCEF active spaces.

2.3 DMRG.

All DMRG calculations were performed with the BUDAPEST
DMRG program°Z. As orbital basis, the natural orbitals ob-
tained from CASSCEF calculations described above were taken.
The active spaces were extended to CAS(14,40) for the bare
CUO molecule and to CAS(38,36) for all CUONgy (Ng =
Ne, Ar) complexes and U-Ng distances. In particular, for
the CUONg4 molecules, 4 occupied and 7 unoccupied orbitals
were added in A; symmetry, 3 occupied and 2 unoccupied in
B and B, symmetry, respectively, and 3 occupied and 2 unoc-
cupied in A, symmetry. More detailed information concerning
molecular orbitals used in our DMRG calculation, that is, their
type and their main atomic contributions, can be found in Ta-
ble [Tl

To enhance DMRG convergence, the orbital ordering was
optimized as described in Ref. 48 and the number of renormal-
ized active-system states m was chosen dynamically accord-
ing to a predefined threshold value for the quantum informa-
tion loss®® employing the dynamic block state selection ap-
proach>?0 As initial guess, the dynamically-extended-active-
space procedure was applied>®. In the DMRG calculations, the
maximum number of renormalized active-system states mmax
was varied from 1024 to 2048, while the minimum number
Mmin Was set to 512 if not stated otherwise. To avoid local min-
ima, the minimum number of renormalized active-system states
used during the initialization procedure mg,x Was set equal to
Mmax. The quantum information loss was chosen to be 1075 in
all calculations.

3 The spin ground state of the CUO molecule

The electronic structure of the bare CUO molecule bears con-
siderable similarity to its isoelectronic analogs, UO%*, NUOT,
and NUN22101H65! \where the U 6 p-, S f- and 6d-orbitals interact
with the 2s- and 2p-orbitals of the lighter elements entailing
a stable linear structure?. Yet, the energetically higher lying
atomic orbitals of the C atom (in contrast to O and N) desta-
bilize the CUO complex compared to the other isoelectronic
species®?. It is now well-established that the CUO molecule
features a 'X* ground-state which is very close in energy to
a 3@ excited state?*4. The latter involves electron transfer
from the bonding c-orbital of the C atom to the nonbonding
¢-orbital of the U atom resulting in a ¢'¢' electronic config-
uration. This electron transfer leads to a significant elongation
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Table 1 Numbering scheme and atomic contributions for the molecular orbitals of CUONe4 and CUOAr4

Orbital CUONey4 Orbital CUOAr14

index Mol. orb.  Atomic contrib. index Mol. orb.  Atom. contrib.
1 Aq Ne [2py,] 1 A Ar 3p.,]

2 A Ne 2p.y] 2 A Ar [3p,,]

3 Aq Ne [2p,] 3 Ay Ar [3p,]

4 c C/0 [24] 4 c C/0 [24]

5 c C/0 [2p,] 5 c C/0 [2p,]

6 c C/O [2p,] 6 c C/0 [2p,]

7 c C/O [2p,] 7 c C/O [2p,]

8 o C/O [2p,] 8 o C/0 [2p,]
9/35 o U [6dxy Xz_}z] 9/35 o [6dx ]
10 c U [6;] 10 c U [64

11 o U [7p,] 11 o U [7p,]

12 c [4f.3] 12 c U [4f.3]

13/36 0 U [Sfxyztz(xz—yz)] 13/36 o [SfxVZ (2 —y2) ]
14/23 B/B, Ne [2py] 14/23 B/B; Ar [3py]

15/24 B/B; Ne [2py] 15724 B/B; Ar [3p,]

16/25 B1/B; Ne [2py] 16/25 Bi/B; Ar [3p,]

17/26 T C/O[2py.,] 17/26 T C/O[2py,)
18/27 T C/O[2py,] 18/27 T C/O[2py,]
19/28 T C/O[2py,] 19/28 T C/O[2py,]
20/29 T C/O[2py,] 20/29 T C/O[2py,]
21/30 0] U[Sfx373xy2’3x2y7y3] 21/30 0] U[Sfx373xy2_’3xzy7y3]
22/31 T U [7py] 22/31 T U [7px]

32 Aj Ne [2py,] 32 A Ar 3p.,]

33 Aq Ne 2p.y] 33 Aq Ar [3p,,]

34 A Ne [2p,] 34 Ay Ar [3p,]

and weakening of the U-C bond=" compared to the !X+ ground
state.

Our scalar-relativistic CAS(12,12)SCF calculation correctly
predicts the I3+ state (ryc = 1.773 A and ryp = 1.779 A3%)
to be the ground state of the bare CUO molecule, which is sep-
arated by only 0.71 eV from the first adiabatically excited >®
state, determined from a CAS(12,14)SCF calculation (ryc =
1.836 A and ryo = 1.808 AB%). This singlet—triplet splitting
reduces to 0.60 eV in our scalar relativistic DMRG(14,40) cal-
culations.

A posteriori addition of spin—orbit coupling on top of the
lowest-lying triplet state further decreases the singlet—triplet
gap to 0.31 and 0.20 eV for CASSCF and DMRG, respec-
tively. It is worth to mention that the value of 0.40 eV (for
Q=2) used in this article agrees well with the perturbative treat-
ment of spin—orbit coupling of 0.36 eV determined by Roos et
al ®l

Remarkably, this energy splitting is very prone to different
noble gas surroundings and ground-state spin-crossover of the
CUO moiety can be induced upon complexation of different
noble gas atoms. Our spin—orbit corrected DMRG energy split-

ting of 0.20 eV for the 3@, excited state with respect to the
123 ground state is in line with results obtained from multi-
reference spin—orbit configuration interaction singles and dou-
bles calculations which predict an energy gap of 0.17 eV=3.,

4 Noble gas complexation to CUO

In this work, the noble gas environment is represented by four
noble gas atoms arranged in an equatorial plane with respect to
the CUO axis imposing Cy4, point group symmetry as depicted
in Fig. E} As discussed in Refs. 23124126134 such a quadratic-
planar coordination sphere constitutes a reliable model system
for the extended noble gas matrix.

We choose the CUO geometries to be the same as in Ref. 34
which correspond to DFT optimized structures of the CUO and
CUONg4 molecules in their adiabatically and vertically excited
triplet states and labeled them as CUO(")Ng4 and CUO®Ngy,
respectively. For the sake of simplicity and comparability to
the bare CUO complex, we denote the singlet and triplet states
of both CUONgy species (Ng = Ne, Ar) as 'ZF and 3® (in
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Table 2 Complexation energies D, of four Ng atoms to the CUO moiety, U-Ng bond lengths re, and dipole moments DM of CUONg4 (Ng =
Ne, Ar) obtained from CASSCF and DMRG calculations. The U-C and U-O distances in the "Molecule’ column are taken from Ref. |34}

3<I>(V>: 3 state for CUO(YNgy. 3‘1’(3)1 3 state for CUO® Ng,.

CASSCF DMRG
Molecule De[kJ - mol~T(eV)] re[A] DM[D] De[kJ - mol~1(eV)] 1.[A] DMI[D]
g I3+ (dyc=1.734 A, dyo=1.782 A) 0.7 (0.01) 4314 4.40 1.6 (0.02) 4.224 427
8 ) dyc=1.734 A, dyo=1.782 A) 1.3 (0.01) 3.856 2.53 2.7 (0.03) 3.713 2.25
8 30, (duc=1.840 A, dyo=1.811 A) 1.6 (0.02) 3.744 2.60 3.4 (0.04) 3.597 231
g Iy+ (dyce=1.738 A, dyo=1.788 A) 2.1 (0.02) 4.193 3.21 4.1 (0.04) 4.120 3.06
S 3®, (dyc=1.738 A, dyp=1.788 A) 3.8 (0.04) 3.905 131 7.0 (0.07) 3.790 1.01
S v)
O 3, (duc=1.845 A, dyo=1.815 A) 3.6 (0.04) 3.898 2.47 6.9 (0.07) 3.798 2.19

C
Nglllmuu ......... ‘ ‘

/ .......... \\\\\\\\\N g
]

Ng

Fig. 1 Lewis structure of CUONg4 for Ng = Ne, Ar.

accordance to C4y point group symmetry, the proper state labels
are 'A| and E, respectively).

4.1 Stabilization energies.

The optimum distances between the Ng and the U atoms for
all investigated electronic states are optimized by varying the
U-Ng distance of all four noble gas atoms simultaneously (i.e.,
retaining C4, symmetry) in the range of 2.8 to 14.1 A (see the
Supporting Information for further details), while the U-O and
U-C bond lengths are kept frozen. As U-O and U-C bond dis-
tances, the values from Ref. [34] are taken (see Table [2). The
potential energy curves obtained from CASSCF and DMRG
calculations are then fitted to a generalized Morse potential
function® and are plotted in Fig. [2[a) for both CUONe, and
CUOALI1y.

Exploring Fig.[2(a), we observe an overall stabilization of the
CUO molecule upon complexation of both Ng4 surroundings.
The complexation energy strongly depends on the spin state
and on the specific Ng ligand. While the potential well depth is
rather shallow for the Ne4 matrix, it is twice as large in the Aryq
environment for all electronic states investigated. In general,
DMRG predicts a larger interaction energy between CUO and
the noble gas atoms than CASSCEF, which is more pronounced
in the case of the Ary4 than for the Ne4 environment.

Table [2|lists all complexation energies and dipole moments
determined for the equilibrium U-Ng bond lengths for the sin-
glet and the vertically and adiabatically excited triplet states
of the CUONg4 complexes. The complexation energy be-
tween CUO and Ngy4 is weakest in ¥+ CUONe4 (0.7 and 1.6
kJ-mol~! for CASSCF and DMRG, respectively) and strongest
in the vertically excited 3® state of CUOAry (3.8 and 7.0
kJ-mol~! for CASSCF and DMRG, respectively).

We should mention that the DMRG stabilization energy
of CUO by argon atoms is significantly smaller than the
CASPT?2 stabilization energy of UO; by argon atoms (7 vs. 58
kJ-mol~1)=l,

It is important to note that the interaction energy is similar for
the vertically and the adiabatically excited states of CUOAr4
(see Table [2). The shortest U-Ng bond length is found for
3 CUOAr,4, while the longest bond distance is observed for
¥+ CUONey. For both Ng4 environments, the equilibrium
bond distances determined in DMRG calculations are generally
shorter than for CASSCF. However, these differences are small
(< 0.15 A). Furthermore, CASSCF and DMRG yield simi-
lar dipole moments—although DMRG always provides smaller
values, which overall agree well with previously reported theo-
retical data of 3.5D for the singlet and 2.4D for the triplet state
in CUO?Z. This observation indicates that changes in the dipole
moment of the CUO unit are mainly affected by differences in
the U-C and U-O bond lengths for the singlet and adiabatically
excited triplet states rather than by complexation of noble gas
atoms.

Even though the interaction energy of CUO with the no-
ble gas environment is small compared to the singlet—triplet
splitting of the bare CUO molecule (< 0.07 eV vs. 0.20 eV),
the complexation of Ng4 to CUO considerably influences the
CUO singlet—triplet gap. Fig.[2[b) illustrates the changes of the
spin-state splittings induced by the surrounding noble gases.
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4.2 The CUO-Ng interaction dissected by orbital entanglement.
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Fig. 2 Potential energy curves and spin-state splittings for CUONg, determined from DMRG and CASSCEF calculations. (a) Reconstructed

potential energy surfaces of (i) CUONe4 and (ii) CUOAry in kJmol !

. The U-O and U-C distances are kept frozen (see Table. , while the

U-Ne and U-Ar distances are varied. (b) Spin-free (SF) and spin—orbit (SO) corrected spin-state splittings of (i) CUONe4 and (ii) CUOAry in

eV. 3<l>(v): 3 state for CUOY)Ng,. 3d>(a): 3 state for CUO® Ng,.

Note that in Fig. (b) all energies are measured with respect
to the energy of the singlet state which was taken as refer-
ence point. As adiabatically excited states are lower in en-
ergy than the vertically excited states, the adiabatic energy dif-
ference yields the smallest singlet—triplet gaps. The spin-free
CASSCEF spin-state splitting of 0.66 eV in the Ne4 surrounding
is reduced to 0.59 eV in the Ary environment. Similarly, the
spin-free DMRG singlet—triplet gap of 0.47 eV determined for
CUONey4 decreases to 0.42 eV for CUOAr4. A perturbative cor-
rection for spin—orbit coupling (energies taken from Ref. 34))
further lowers the 3@, ,) state to approach the '] state. For
CASSCEF, the energy gap of 3<I>2(a> and 123 is lowered to 0.26
and 0.19 eV for CUONe4 and CUOATr4, respectively, while it
reduces to 0.07 and 0.02 eV, respectively, in the DMRG cal-
culations. In particular, an energy gap of 0.02 eV is below
“chemical accuracy”, which is of the order of 0.04 eV (or 4
kJ/mol), and hence the 123 and 3 P, (,) states can be considered

as energetically equivalent, where a thermal spin crossover®'7

(!CUOAr, +» 3CUO® Ary) is possible.

Note that a more rigorous treatment of weak interactions in
these systems might further reduce the splitting or even reverse
the states.

4.2 The CUO-Ng interaction dissected by orbital entan-
glement.

Although, the complexation of the CUO molecule by the noble
gas ligands is small, its effect on the spin-state splittings is re-
markable and asks for an analysis of the quantum entanglement
among the single-electron states. Since, a spin-free wavefunc-
tion can be used to calculate the spin—orbit coupling to the first
order of perturbation theory=! in this particular case (cf. Sec-
tion [3), it contains all the information necessary to study the
entanglement in the unperturbed wavefunction. Therefore, the
quantum information analysis of the spin-free DRMG wave-
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Fig. 3 The most important molecular orbitals drawn with Avogadro program®Z8. The molecular orbitals are split into molecular orbitals
centered on the noble gas surrounding in (a) and on the 3CUO® unit in (b), respectively. The molecular orbitals are numbered according to
their irreducible representation and CASSCF natural occupation number. Note that some orbital numbers differ for the singlet and triplet
states. The corresponding molecular orbital indices for the singlet state are put in parentheses where required.

function can be considered sufficient and reliable, although
spin—orbit coupling gives the decisive energy contribution.

Fig. 3] shows the most important valence natural orbitals of
CUONgy obtained at the equilibrium distances (cf. Table [2).
These are the twelve highest occupied Ng4 valence molecular
orbitals (in Fig. a)) and the CUO o-, 7-, 8- and ¢-molecular
orbitals (in Fig. B[b)). We should note that the active orbitals
are similar for CUONe4 and CUOAry and for all investigated
spin states. Furthermore, the orbitals centered on the CUO
unit do not differ from those of the bare CUO molecule. Sur-
prisingly, even the U 5fj-orbital remains unchanged in the 3o
CUOAr4 molecule. Due to the spatial similarity of the molecu-
lar orbitals obtained for different spin states and noble gas en-
vironments, an analysis based on an overlap measure between
noble gas molecular orbitals and orbitals centered on the CUO
moiety remains inconclusive and cannot explain the diverging
stabilization energies in the Ne4 and Ary4 surrounding (the con-
tribution of Ng4 atomic orbitals to the CUO-centered molecu-
lar orbitals is negligible). Moreover, the examination of natural
occupation numbers is less instructive since similar natural oc-
cupation numbers have been obtained in CASSCF and DMRG

calculations where Ng4 molecular orbitals remain doubly oc-
cupied along the dissociation pathway for all investigated spin
states (cf. Table I of the Supporting Information).

To elucidate the different complexation energies of the
CUONg4 compounds, different diagnostic tools are required
that are not only based on occupation numbers and molecular
orbital overlap measures. Recently, we have demonstrated 4/
that entanglement measures based on one- and two-orbital re-
duced density matrices represent a versatile tool for the analy-
sis of electron correlation effects among molecular orbitals and
facilitate a qualitative interpretation of electronic structures in
terms of quantum correlation of molecular orbitals'’!. The mu-
tual information°87223 quantifies the interaction of each orbital
pair (i, j) embedded in all other orbitals of the active space
(see Refs. 47/49| for further details) and hence represents an
adequate measure to assess the quantum entanglement of CUO
and the noble gas surrounding directly from the electronic wave
function. The mutual information is defined as

Iy = 5 (52)i— s —s(1);)(1 ~ ),

where s(1); and s(2); ; are the one- and two-orbital entropy for

ey
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Fig. 4 Quantum entanglement analysis of the CUO-Ng4 (Ng = Ne, Ar) interaction. Mutual information of CUONg, orbital pairs determined
at the equilibrium U-Ng distances. The first twelve orbitals (starting from #1 and proceeding clockwise) represent Ng4 molecular orbitals,
while the remaining molecular orbitals are centered on the CUO moiety. The interaction strength is color-coded: blue connecting lines
indicate strongly entangled orbital pairs, while purple lines denote weakly entangled orbital pairs. 3d>(v): 3 state for CUO(V)Ng4. 3CI>(a): 3o

state for CUO(®Ng,.

orbital i or orbital pair (i, j), respectively, determined from the
eigenvalues of the one- and two-orbital reduced density matri-
ces® while 5,-(,' is the Kronecker delta.

The one- and two-orbital reduced density matrices are many-
particle reduced density matrices (up to 2 and 4 particles for
s(1); and s(2); ;, respectively), and hence contain more in-
formation than, e.g., the one-particle reduced density matrix,
whose eigenvalues correspond to the natural occupation num-
bers.

The single-orbital entropy s(1) is defined as

s(1)i= _Zwa,ilnwmh (2)
o

where wq ; is the eigenvalue of the one-orbital reduced density
matrix of a given orbital*? (¢ denotes the four different occu-
pations of a spatial orbital). The single-orbital entropy quan-
tifies the entanglement between one particular orbital and the
remaining set of orbitals contained in the active orbital space
and can be used to dissect electron correlation effects in dif-

ferent contributions which can be distinguished with respect to
their interaction strength.

Fig. E| displays the mutual information“”4? (lines are drawn
if ;; > 1075) for all active orbital pairs in the CUONey
and CUOAr4 molecules in their singlet and triplet states at
their corresponding equilibrium structures determined from
DMRG(38,36) wave functions. The entanglement diagrams for
additional U-Ng distances (and different cut-off values for the
mutual information) as well as the decay of the mutual infor-
mation can be found in the Supporting Information.

In Fig.[4] the interaction strength between the orbital pairs is
color-coded (cf. Ref. l47/for a detailed discussion): nondynamic
electron correlation is indicated by blue (mutual information of
order ~ 10~!) and static by red (mutual information of order
~ 1072) connecting lines, while dynamic correlation is mainly
attributed to orbitals connected by green (mutual information
of order ~ 1073) lines (see also Fig. [5|and the Supporting In-
formation for a diagrammatic illustration). Note that the orbital
index of Fig. [ corresponds to the orbital number in Fig. [3| for
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Fig. 5 Decay of the mutual information for CUONe4 and CUOALy in different spin states.

the triplet state. For the singlet configuration, the orbital num-
bers are added in parentheses in Fig. [3|only if they differ from
those of the triplet state.

The entanglement between the Ng4 molecular orbitals and
those molecular orbitals centered on the CUO unit is consider-
ably weaker than between molecular orbital pairs centered on
CUO only (solely purple connecting lines—mutual information
of order ~ 10~3—for the former vs. blue, red and green lines
for the latter). This observation is in agreement with the weak
nature of the CUO-Ng4 interaction. In particular, the weakest
interaction (i.e., the smallest number of purple lines between
Ng4 molecular orbitals and CUO-centered molecular orbitals)
is found for '2* CUONey, but gradually increases when going
from 3® CUO(Ney to 3® CUO®Ne,. The differences in or-
bital entanglement are more clearly illustrated in Fig. [5] where
the values of the mutual information are plotted in descending
order for all investigated CUONg4 compounds. While the de-
cay of /; ; is similar for all CUONg4 complexes if I; ; > 1074,
the evolution of the mutual information forks at ; ; ~ 10~ (the
forking regime was labeled as the weak correlation regime in
Fig.[B). Thus, different orbital entanglement patterns are ob-
tained for small-valued I; ;. All CUO complexes with argon
atoms contain more weakly entangled orbitals (/; ; < 10~%) than
CUO compounds in the Ne4 surrounding. In addition, the de-
cay of I; ; is in general faster for the 'Y state than for the 3®
configuration of the CUO molecule.

These entanglement patterns support the increasing potential
well depth for 'XT, over @ CUONe, to 3® CUO®Ne, as
shown in Fig.[2Ja) and in Table[2] A qualitatively and quantita-
tively different entanglement picture is obtained for CUOAry,
where a strong interaction between the CUO unit and the Ary

surrounding is already present for the !=* state (note the large
number of purple and turquoise lines between Ary and CUO-
centered molecular orbitals) and further increases when going
from 3® CUO(V)Ar4 to 3d CUO(a)Am (increasing number of
purple connecting lines).

Since the interaction of the Nes and Ary surrounding with
the CUO unit is very weak, the single orbital entropies of the
noble gas molecular orbitals are close to Zero, while the single-
orbital entropies corresponding to CUO-centered molecular or-
bitals are considerably larger (see Fig.[6). Large values of the
single-orbital entropy indicate that the electronic structure of
the CUO unit is dominated by static electron correlation. How-
ever, we should note that the single-orbital entropy correspond-
ing to the noble gas molecular orbitals are nevertheless larger
for CUOAr4 than for CUONey (tiny differences are obtained
for orbitals #1—#4 in Fig. 5) due to the stronger interaction of
the CUO unit with the Ary surrounding. In addition, the to-
tal quantum information i, (the sum over single-orbital en-
tropies*’, summarized in Fig. 5) is strictly larger for CUOAr,
for all spin states. Since the structure of the CUO unit is similar
for both CUONe4 and CUOA14, these discrepancies can only
be related to the change in the noble gas surrounding and thus
support that the orbital entanglement between Ng4 and CUO is
stronger for Ary than for Ney.

To conclude, Fig. [f] clearly demonstrates that the electronic
structure of the CUOQ unit does not change upon noble gas vari-
ation from neon to argon in a given spin state (see Fig. 3(a)),
while Figs. [] and [3] illustrate the stronger interaction of CUO
embedded in Ars compared to the Ne4 environment.
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Fig. 6 Single orbital entropy s(1) for CUONg,4 determined at the equilibrium distance for Ng = Ne, Ar. The first twelve orbitals (starting from

orbital index #1) represent Ng4 molecular orbitals, while the remaining
#1, #2, #3, #4, ... of Fig. 5 correspond to orbital indices #1, #2, #3, #14

CUO®Ng,.

5 Conclusions

In this work, we presented the first DMRG study of actinide
chemistry. In particular, we investigated the electronic struc-
ture of the CUONe4 and CUOAr4 complexes and analyzed the
quantum correlation between the central CUO moiety and the
noble gas environment by means of orbital entanglement. The
complexation of the CUO molecule by noble gases lowers the
first excited 3® state with respect to the 'X* state compared
to the bare CUO complex, whose ground state is a 'X* state.
In general, the largest coordination energy is found for the 3®
state for all noble gas matrices studied. While in CUONe4 the
Ney4 valence orbitals are only weakly entangled with molecu-
lar orbitals centered on CUO, CUOAry features strongly en-
tangled CUO-Ar4 molecular orbital pairs, which promotes the
stabilization of the 3® state of CUOAr, compared to its sin-
glet state resulting in energetically equivalent spin states. With
addition of spin-orbit coupling the energy difference between
the CUO moiety embedded in neon and argon atoms is brought
down to 0.02 eV, and therefore the anticipated ground-state spin
crossover might occur.

molecular orbitals are centered on the CUO moiety. Orbital indices
, ... of Fig. 4. 3d><v): 3@ state for CUO<V)Ng4. 3<I>(a): 3@ state for

Our entanglement study using mutual information points
to different quantum correlations of the weakly coordinating
noble-gas atoms by which the "mysterious” interaction of CUO
with Ne4 and Ary can be explained. In particular, the total quan-
tum information iy comprised in the CUONes and CUOAr4
molecules indicates larger quantum entanglement of the Ary
orbitals with the CUO-centered molecular orbitals compared to
the Ne4 environment, although the difference in complexation
energies is very small.
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