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Abstract

Wavefunction methods are employed to ana-
lyze the ground and low-lying excited states of
bipyramid trigonal copper(II) superoxido com-
plexes, up to their characteristic Ligand to
Metal Charge Transfer band. Several multiref-
erence methods are combined to provide new
insights into the interpretation of their experi-
mental absorption spectra. We show that the
intraligand transition on the dioxygen leads to
a dark state. Among the results, we shall high-
light the finding of doubly excited states in the
region of the d — d transitions and the subtle in-
terplay between Cu(I) and Cu(II) in the ground
and excited states. Some of these findings could
only be obtained with multireference methods.

Introduction

Copper(IT) superoxido complexes are at the
heart of the activity of several enzymes, and
a lot of effort has been devoted to study
their properties in synthetic models.? We en-
counter them as key intermediates in several
(bio-)chemical processes, such as the oxidation
of organic substrates. They are also inter-
esting in the framework of bio-inspired chem-
istry, as building blocks for developing syn-
thetic catalysts from first-row transition metals,
more abundant than their second- and third-
row counterparts.? 19

Among synthetic copper mono-nuclear super-
oxido complexes, two kinds of structures have
been described: side-on superoxido species have

been firstly reported, displaying singlet ground
states. %1113 Subsequently, the first X-ray struc-
ture of an end-on complex was obtained.*!?
The end-on [(L)Cu(O,)]" complexes have a
triplet ground state,'3'6 and they are usu-
ally described as copper(II) systems interacting
with the radical anion O, , [(L)Cu(O,) |*
(L=ligand, typically TMG3tren=1,1,1-tris[2-
[N2-(1,1,3,3-tetramethylguanidino)]ethyljamine
or TMPA=tris-(2-pyridyl-methyl)amine, Fig-
ure 1). Difficult to crystallize, they are char-
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Figure 1: Examples of end-on copper(II) super-
oxido complexes.

acterized in solution by UV-vis spectroscopy
at low temperature, as they exhibit an intense
LMCT (Ligand to Metal Charge Transfer) at
around A, =~ 430 nm: several spectroscopic
data have been reported on copper(Il) super-
oxido complexes and exhibit similar trends,
although absorptions are influenced by the lig-
and nature and solvent. 16723



Table 1: Band assignment of [(TMGgtren)Cu(O,)]* experimental UV-Vis spectrum with polariza-
tion and corresponding TD-DFT (B3LYP) excitation energies (e¢V) from Ref. 19.

Label | exp Polarization TD-DFT Assigned character
R e
3 1.61 - 0.89 Intraligand
4 1.84 z 2.01-2.07 dy./dy, — d.2
5 2.79 z 2.21 LMCT
- - - > 3.03 MLCT*

@ Not assigned experimentally
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Figure 2: On top, the absorption spectrum of
a [(TMG,tren)Cu(O,)]" complex and its de-
convolution into the five identified bands. Re-
produced from Ref.'¥ Copyright 2010 American
Chemical Society. At the bottom, a simplified
molecular orbital diagram, indicating possible
excitations.

The recording and assignment of the elec-
tronic absorption spectrum of copper(II) super-
oxido complexes in a trigonal bipyramid envi-
ronment can be traced back to the seminal work

by Woertink et al. on [(TMGgtren)Cu(O,)]*.%

It consists of five bands as shown in Figure 2,

and can be understood on the basis of the

molecular orbital picture of the complex, com-
posed of the four doubly occupied copper d or-
bitals, the 7 doubly occupied orbital, mostly
localized on the dioxygen, and the two SO-

MOs, usually referred to as the copper d.» and

the dioxygen 7 orbitals. The absorption spec-

trum was interpreted as follows: a group of

d — d transitions (bands 1, 2, 4 in Table 1);
the LMCT band (band 5); an additional band
located among the group of d — d transitions

(band 3). The assignment of the spectrum was
achieved thanks to a combined experimental
and TD-DFT study, which included Magnetic
Circular Dichroism (MCD) and Resonance Ra-
man (rR) experiments. Band 3 was introduced
to account for the intensity between bands 2
and 4, but it has very low MCD intensity. The
rR profile of the complex reveals an enhance-
ment of the O-O mode v(O — O) in band 3, but
not of the Cu-O mode v(C'—0O). Thus, the pos-
sibility that band 3 corresponds to an MLCT
(Metal to Ligand Charge Transfer) transition
was disregarded (insensitive to v(C' — O)) and
the band was attributed to the Intraligand (IL)
transition implicating the antibonding orbitals
of the dioxygen moiety. **

As TD-DFT displays well-known deficien-
cies for the description of charge-transfer ex-
citations, double excitations and transitions
implicating excited states with high multicon-
figurational character, a full agreement could
not be achieved between theory and experi-
ment.'*?* Band 3 was attributed to the IL
transition, despite a large difference in absorp-



tion energies (Aeyp = 769 nm or 1.61 eV vs.
Arpprr = 1389 nm or 0.89 eV). Its assignment
was and continues to be inconclusive.

With its nine valence electrons, the open-shell
copper(II) cation has a compact, crowded, but
not completely full 3d-shell. Even if the pres-
ence of the ligand field reduces near-degeneracy
issues, this family of copper complexes is
considered ‘tough’ for computational treat-
ments. 132>% We can expect the ground and
excited states to exhibit at least some degree
of multiconfigurational character that needs
to be accounted for in the theoretical treat-
ment. To the best of our knowledge, there
are no wavefunction based studies on the spec-
troscopy of the bipyramid trigonal copper(II)
superoxido complexes. With recently developed
high-performance implementations of DMRG
(Density Matrix Renormalization Group) in
BLOCK2,%° and compact selected-CI schemes,
such as ICE-CI (Iterative Configuration Expan-
sion - Configuration Interaction) in ORCA,3!:32
multireference calculations can be performed
in a reasonable time even with the large active
spaces needed for this class of complexes. There
is however no well-established way of perform-
ing dynamic correlation treatments in these
cases. The cost associated with the scaling of
the DMRG-based perturbation theory treat-
ment is prohibitive, and approximate schemes
have been shown to lead to potential intruder
states.?3* Selected-CI schemes, which can pro-
vide explicit wavefunction coefficients for large
configuration spaces, can be extremely useful to
provide a clear picture of the correlation mech-
anisms at play in the most challenging cases.

In this work we shall focus on end-on
copper(Il) superoxido complexes with a
triplet ground state. The systems consid-
ered are shown in Figure 1. We provide
an in-depth study of the [(tren)Cu(O,)]"
complex, as a model system for the
[(TMG tren)Cu(O,)]" and [(TMPA)Cu(O,)]*
complexes. Multireference calculations on the
large [(TMPA)Cu(O,)]" have also been per-
formed. To better highlight the role of the
bipyramid trigonal environment on the elec-

tronic structure of the complex, we extend
the comparison to [(NH;)Cu(O,)]". Calcula-
tions were performed with several multirefer-
ence methods. As we are constrained by their
high computational cost, their combined use
allows us to access complementary information
and to provide a convincing picture of the elec-
tronic structures of the complexes. Perturba-
tion theory applied to a RASSCF (Restricted
Active Space Self-Consistent Field) reference
wavefunction is a good compromise between
accuracy and computational cost.?> The MS-
RASPT?2 (Multi-State Restricted Active Space
Perturbation Theory at 2nd order) approach
available in OpenMolcas offers a robust way to
describe vertical transitions between states of
high multiconfigurational character.®*3% In ad-
dition, we used an approximate Full-CI solver
(DMRG) to assess the effects of hole/particle
restrictions in the active space within the
RASSCF approach. Finally, selected-CI cal-
culations are exploited to gain a better un-
derstanding of the nature of the ground and
excited states, and evaluate the influence of in-
cluding some of the tren ligand orbitals in the
active space.

We provide an interpretation of the results
using quantitative metrics based on the 1-
TDM (1-electron Transition Density Matrix)
and wavefunction analysis to evaluate the na-
ture of the transitions.3”® This allows us to
propose a revised interpretation of the spec-
trum.

Methodology

Computational details

Geometry optimizations were performed with
the Turbomole 7.5 package,? at the DFT level
using the PBE0-D3 functional, 44 with a def2-
QZVPP basis set on the Cu center and a def2-
TZVP basis set on remaining atoms in all
cases.*4 The RI-J technique was used,*"8
with the corresponding auxiliary basis func-
tions.*® Relevant computed geometrical param-
eters are reported in Table 2. In the case of
[((NH,)Cu(O,)]", the lack of the equatorial co-



Table 2: Computed geometrical parameters of the studied complexes (distances in pm, angles in
degrees), PBE0-D3 optimized structures. Labels as in Figure 2.

Complex Cu-O Cu-Ng, O-O Cu-Ngp)y Cu-0-O 0O-O-Cu-Ng,
[(tren)Cu(O,)|* 195.7  219.0 125.0 211.6 108.9 -62.5
[((TMPA)Cu(O,)]" | 193.7 2185 1253  206.2 112.7 -59.8
[(TMGtren)Cu(0O,)]" | 195.0 218.8 127.3  211.2 119.5 -49.6
[(NH,)Cu(O,)]* | 192.6 193.7 1198 - 129.8 -

ordination sphere impacts the global structure
of the complex: the Cu-N,, distance (between
the copper center and the apical nitrogen atom,
see Figure 2 for labels) is sensibly shorter than
in the other complexes. The coordination of the
O, is also affected, as revealed by the short O-O
distance.

Concerning the choice of the systems, the
[(tren)Cu(0,)]* complex is a good model for
copper(II) superoxido complexes in a trigonal
bipyramid environment: as can be seen in Ta-
ble 3, it possesses a characteristic LMCT band
at the TD-DFT level comparable to those of the
[(TMG tren)Cu(O,)]" and [(TMPA)Cu(O,)]*
complexes. The other low-lying electronic tran-
sitions are also of similar nature. Moreover,
from an experimental point of view, the ab-
sorption spectrum of [(Megtren)Cu(O,]" and
[((TMPA)Cu(O,)]" complexes were reported in
propionitrile and they display very close fea-
tures (Anaz at 412 and 414 nm, respectively).!”

Table 3: Experimental'®?! and computed
LMCT band for four copper(Il) superox-
ido (PBEO0-D3, Tamm-Dancoff approximation).
AFE in €V and X in nm.

Complex AE (N) AFE

exp. PBEO-D3
[(tren)Cu(O,)|* - 2.75
[(TMPA)Cu(O,)]" | 2.93 (423) 2.66
[(TMGstren)Cu(O,)]" | 2.79 (444)  2.54

Average RASSCF calculations were per-
formed on the PBEO-D3 geometries with
OpenMolcas 22.02,3%3¢ using the Cholesky
decomposition of the two-electron integrals
(RICD) with a threshold of 107% hartree.5%5
Core electrons (1s shell for C, N and O atoms,

and 1s2s2p shells for Cu) were kept frozen
in all RASSCF calculations. The IPEA (Ion-
ization Potential Electron Affinity) shift with
the standard value of 0.25 hartree was ap-
plied throughout.®®> Moreover, an imaginary
shift of 0.1 hartree was introduced to prevent
intruder states.®> RASPT2 and MS-RASPT2
were applied on top of the average RASSCF
calculations. DMRG calculations were per-
formed on the same structures using BLOCK2
0.5,% interfaced with PySCF 2.1.1.%* In that
case, the density fitting procedure with auto-
generated auxiliary basis sets was used.®®
DMRG-NEVPT2 calculations were also per-
formed (Supporting Information), but not
used, because too low energies were obtained
for the LMCT with the approximate com-
pressed NEVPT2 scheme.®%%" RASSCF-based
and DMRG calculations were performed us-
ing the ANO-R3 basis set.?® Scalar relativistic
effects were included using the X2C formal-
ism.? In all the cases mentioned above, the
wavefunction was optimized on average for the
states of interest, in order to obtain the over-
all spectrum up to the LMCT band. Selected
CI were performed with ORCA 5.0,313260 using
the CSF-based (Configuration State Function)
version of the ICE-CI program along with the
def2-SVP basis set. 4546 For this particular case,
localized orbitals were used and obtained fol-
lowing the New-Boys procedure. Transition
density matrix analysis was performed with
the TheoDORE 3.0 toolbox for excited states
and the 1ibWFA library.®”%! For completeness,
TD-DFT results for all complexes are reported
in the Supporting Information.
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Figure 3: Active space of [(tren)Cu(O,)]", average natural orbitals of RAS(18,2,2;2,9,9).

Active space selection for RAS,
DMRG and ICE-CI

In the choice of the active space, to keep
the system tractable, we limited ourselves to
the most significant orbitals for the prob-
lem at hand,%?% and resorted to using a
RASSCF wavefunction. The selected active
space for the [(tren)Cu(O,)]" complex is a
RAS(18,2,2;2,9,9). It contains 18 electrons in
three orbital subspaces (RAS1, RAS2, RAS3)
and only double excitations out of RAS1 and
into RAS3 are allowed, while a full CI is per-
formed in the RAS2. The subspaces, shown

in Figure 3, are built as follows: the bonding
m-orbitals of the dioxygen are confined to the
RASI subspace (2 orbitals); the RAS2 includes
the remaining dioxygen orbitals built on the 2p
shells and the 3d orbitals of the copper (9 or-
bitals). The double-d shell effects are treated
in the RAS3 and a double shell for the dioxy-
gen moiety is also partially included with four
correlating orbitals, analogous to the two anti-
bonding 7* orbitals of O, (9 orbitals).? One
of them exhibits a strong copper 4s charac-
ter. The inclusion of the 3p double shell of
dioxygen is necessary to obtain accurate en-
ergies for the LMCT band. Thus, the active



space includes all the significant metal orbitals,
together with the m- and o-like dioxygen or-
bitals built on the 2p shells and partial double
shells. We neglected the coordinating orbitals
of nitrogen atoms from the tren moiety, as their
inclusion in the active space renders the follow-
ing perturbation treatment too costly. Doubly
occupied inactive orbitals were kept frozen dur-
ing the perturbation treatment. Their inclusion
leads to intruder state problems for the ground
state root and the LMCT in particular (Table
S9 in the Supporting Information).

The need for a double shell is well known for
1st row transition metals and its importance
for computing accurate energy differences has
been highlighted earlier.%? In a previous work,
it has been shown that a partial treatment
of the double shell effects using the RASSCF
approximation was sufficiently accurate most
of the time.%* In order to evaluate these ef-
fects and rule out other potential biases aris-
ing from the hole/particle restrictions, we per-
formed a DMRG calculation on an active space
of same nature as in Figure 3. DMRGSCF
with a CAS(18,20) on 11 roots was carried out
with increasing bond dimension m from 100 to
1000. A perturbative noise correction was ap-
plied in the first sweeps to improve the con-
vergence. An additional DMRGCI calculation
with m = 2000 was performed on the seem-
ingly well converged orbitals at m = 1000. Ex-
trapolation was performed for the ground state
root using a reverse sweep schedule. It shows
that for m = 2000, the ground state energy
differs by only 0.04 mhartree from the DMRG
energy at infinite bond dimension. We report
an additional DMRGSCF calculation with a
CAS(20,23) for [(tren)Cu(O,)]*, where the api-
cal nitrogen o-donor orbital was included in the
active space with the corresponding virtual cor-
relating orbital as well as an in-phase combina-
tion of 3p orbitals on the dioxygen moiety.

Setting aside the computational cost consid-
erations, the hypothesis behind leaving tren
orbitals out of the active space is that a pertur-
bative treatment on a large enough reference
space should be able to recover the correlation
effects necessary to yield reasonable energy dif-
ferences. To address this question, and rule

out any bias introduced by the state-averaging
procedure on a limited number of states, a
selected CI approach (ICE-CI) was used on
a CAS(34,35) wavefunction. These enlarged
active space, chosen after a molecular orbital
localization, includes in addition semicore 3s3p
and virtual 4s of Cu, nitrogen pairs of the
tren ligand together with their virtual counter-
part, and the full 3p shell of dioxygen. In that
case, we used threshold values of T, = 10~4
and T, = 107? leading a total of 9.1 million
CSFs. The detailed procedure used to set up
the calculations is reported in the Supporting
Information, as well as all mentioned active
spaces.

Calculations for the [(TMPA)Cu(O,)]*
complex were performed wusing a simi-
lar RAS(18,2,2;2,9,9) active space as for
the [(tren)Cu(O,)]* complex. For the
[((NH;)Cu(O,)]" complex, a RAS(20,2,2;3,10,9)
active space was chosen: it includes as well the
apical nitrogen orbital in the RAS1 and the
copper 4s orbital in the RAS2. In the DMRG
calculation, we used the same CAS(20,23) as
previously described for [(tren)Cu(O,)]".

Results and Discussion

Results of wavefunction methods

We present results for three [CuO,]™ com-
plexes, [(tren)Cu(O,)]", [(TMPA)Cu(O,)]*
and [(NH;)Cu(O,)]*, in terms of energy dif-
ferences AE with respect to the triplet ground
states. In order to compare results, we fol-
low, for all methods, the ordering of the states
found at the MS-RASPT?2 level of theory, Ta-
bles 4-5. For each root, we indicate the main
electronic configuration and its weight in the
RASSCF wavefunction. For the ICE-CI wave-
function, the assignment is based on the CSF
with the highest weight in the localized orbital
basis. The ground state spin densities of these
triplet complexes are shown in Figure 4. The
spin densities of the excited states are available
in the Supporting Information, as well as the
CSFs” weights (Table S4) and their schematic



representation.

(a) (b)

Figure 4: Ground state spin densities
of complexes (a) [(tren)Cu(O,)]*, (b)
[(TMPA)Cu(O,)]", and (c) [(NH;)Cu(O,)]".
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Figure 5: Schematic representation of the ma-
jor CSFs of the [(tren)Cu(O,)]" ground state
TO.

Concerning the [(tren)Cu(O,)]" complex, Ta-
ble 4, the ground state is found to be predom-
inantly the combination of the |[ROHF') and
|[LMCT) CSFs, with a weight of 0.77 and 0.13,
respectively, as schematically depicted in Fig-
ure 5. The first transition corresponds to the
IL. A group of 8 states follows, which are within
a 0.5-0.6 eV range depending on the method.
Interestingly, it consists of d—d excitations, but
also of doubly excited states with respect to the
main CSF of the ground state (the |ROHF)).
These correspond to the removal of electrons
from doubly occupied d orbitals and the 7} to
populate the SOMOs (7} and d,2). They can

be seen either as combined MLCT and LMCT
transitions, or as simultaneous IL and d — d.
The LMCT state is the eleventh root, T10. Sat-
isfyingly, all wavefunction methods agree on the
global trends, although some inversions are ob-
served for near-degenerate states. By compar-
ing RASSCF and DMRG in Table 4, we observe
that the results are in good agreement: differ-
ences in AE for the IL, d — d transitions and
double excitations are small, within a 0.09-0.12
eV range. Effects on the LMCT are somewhat
larger, as in this case the DMRG excitation en-
ergy (3.626 V) is found to be lower by 0.63 eV
than the corresponding RASSCF value (4.258
eV). This LMCT state involves a change of the
metal oxidation state from Cu' to Cu' and the
DMRG treatment allows for more flexibility
in the wavefunction to accommodate for this
change than a RASSCF approach. DMRG with
a larger CAS(20,23) leads to comparable results
as can be seen in Table S11 in the Supporting
Information.

Confident that our RASSCF behaves cor-
rectly, we treat the remaining correlation ef-
fects using both the state-specific (RASPT2)
and multi-state (MS-RASPT2) approaches. In-
troducing dynamical correlation with the per-
turbative treatment has the following effect:
similarly to the trend observed by moving from
RASSCF to DMRG, excitation energies for the
IL and d — d transitions slightly increase with
respect to the values obtained at the RASSCF
level, while the LMCT band is found at a signif-
icantly lower energy. The effects of the multi-
state treatment are non-negligible as all states
show a relatively high degree of mixing. It
has an impact on the ordering of the d — d
and doubly excited transitions, which involve
pairs of nearly degenerate d orbitals, with con-
tributions ranging from 0.06 to 0.09 eV. The
most affected state is the double excitation T4,
which is heavily mixed. MS-RASPT2 shifts this
state between two blocks of nearly degenerate
d — d transitions, while RASPT2 would locate
it higher in energy, after the d — d transitions.
The LMCT state is also affected and the MS-
RASPT?2 treatment further increases the energy
difference with the ground state by 0.24 eV with



Table 4: Vertical excitation energies (AE in eV) of [(tren)Cu(O,)]" at different levels of theory,
the order follows that of MS-RASPT?2 calculations. The weight corresponds to the square of the
coefficient of the highest contributing CSF in the RASSCF wavefunction.

MS-RASPT2 RASPT2 RASSCF DMRG ICE-CI
State Main CSF (weight) RAS(18,2,2:2,9,9) CAS(18,20) | CAS(34,35)
TO |ROHF) (0.77) 0.000 0.000 0.000 0.000 0.000
T1  |IL) (0.92) 1.006 0912 0.741 0.843 0.837
T2  dyp2_y2 — d,2 (0.50) 1.371 1.289 1.141 1.237 1.500
T3  dyy — d,2 (0.56) 1.433 1.339 1.185 1.290 1.583
T4 dys, 75 — doo, ) (0.47) 1.501 1.530 1.394 1.483 1.663
T5  dy. = d,2 (0.57) 1.608 1.514 1.352 1.458 1.801
T6  dy, — d,2 (0.54) 1.637 1.543 1.379 1.487 1.832
T7T  dy2_yp, 7y — dy2, (0.60) 1.771 1.678 1.492 1.611 1.782
TS dyy, 15 — dya, 7 (0.59) 1.905 1.820 1.638 1.752 1.944
T9  dg., 7w — d,2,7)(0.61) 1.990 1.896 1.704 1.823 2.055
T10 |LMCT) (0.68) 2.845 2.604 4.258 3.626 3.139
respect to the state-specific case (Table 4). An- [(NH,)Cu(0,)]*"

other active space including a 4d,. orbital in
the RAS2 was also tested initially and leads to
comparable results reported in the Supporting
Information.

Finally, although a smaller basis set was em-
ployed, ICE-CI results are in very good agree-
ment with those at the MS-RASPT2 level. We
conclude that our MS-RASPT2 approach, using
a smaller and restricted active space, is suit-
able to retrieve the correct state ordering and
account for contributions from the tren moiety
and semi-core electrons of the metal, explicitly
included in the ICE-CI treatment.

[(TMPA)Cu(0,)]"

Values computed for the [(TMPA)Cu(O,)]*
complex at the MS-RASPT2 level, are re-
ported in Table 5. The results are compara-
ble to those obtained for the [(tren)Cu(O,)]*
complex. Except for a few minor inversions
for near-degenerate states, the ordering is the
same. The IL band is found at an even lower en-
ergy than in the [(tren)Cu(O,)]" complex. The
d — d transitions are underestimated at the MS-
RASPT?2 level with respect to the recorded ex-
perimental values of 1.64 and 2.12 eV.?! How-
ever, in this case, the computed LMCT band is
found at 3.08 eV, which is only a slight overes-
timation with respect to the experimental value
of 2.93 eV.%

Moving forward, we now turn our attention to
the MS-RASPT?2 results for the ten lowest ex-
cited states of the [(NH;)Cu(O,)]" complex,
displayed in Table 5.

As can be seen in Figure 4, the electronic struc-

*
o

*y
4— n*, vz

MLCT

—ﬂ— dz?

z O

XJ i 4 - 2z
Mo A a2y

Figure 6:  Molecular orbital diagram of
[((NH;)Cu(O,)]" showing possible excitations.

ture of the ground state differs from that of the
bipyramid trigonal complexes. For T0, the spin
density is exclusively located on the dioxygen.
The first excited state consists here of a MLCT
transition from the bioccupied d,2 orbital to the
w5 SOMO orbital as represented in the molecu-
lar orbital diagram of Figure 6. The remaining
transitions are also MLCT from a d orbital to



Table 5:

RAS(18,2,2;2,9,9), and [(NH;)Cu(O,)]*

MS-RASPT2 vertical excitation energies (AE in eV) of [(TMPA)Cu(O,)]",
, RAS(20,2,2;3,10,9). The weight corresponds to the square

of the coefficient of the highest contributing CSF in the RASSCF wavefunction.

[(TMPA)Cu(0,)* [(NH,)Cu(0,)]F
State Main CSF (weight) AE | Main CSF (weight) AEFE
TO |ROHF) (0.77) 0.000 | ROHF (0.70) 0.000
T1 |IL) (0.92) 0.896 | d,2 — 7* (0.88) 2.829
T2 dyy — d,o (0.67) 1.262 | dy. — 77 (0.88) 3.322
T3 daye > da (062) 1.276 | dy. — 7% (0.83) 3.411
T4 dxy,ﬂg — d,2, ) (0.43) 1.389 | d.2 — m, (0.88) 3.583
T5  dy, — d.o (0.39) 1523 | dyy = 72 (0.86) 3.603
T6  dy. — d,2 (0.57) 1.531 | dy2_,> — 7 (0.83)  3.604
T7  dp_yp, 7y — d.2,my (0.35) 1.578 | dy. — (0 81) 4.206
T8 dyoyms — dyo, ) (0.46) 1764 | dy. — 77 (0.74) 4.235
T9  dy, 7t — do, 75(0.75) 1847 | dy — 7 (0.69) 4.446
T10 |LMCT) (0.69) 3.083 | d,2_, 3 5 (0.81)  4.447

the 7 SOMO (3.3 — 3.6 eV, T2, T3 and T4 at
the MS-RASPT?2 level) or the 7 (3.6 — 4.4 eV,
T4, T7- T10). The transition from the higher
lying d.» orbital to the m orbital T4 is slightly
lower in energy than the other d — 7 transi-
tions.

Discussion
Analysis of the states

We shall now discuss the nature of the relevant
states for [(NH;)Cu(O,)]", [(tren)Cu(O,)]"
and [(TMPA)Cu(O,)]". Some insights are eas-
ily accessible by comparing the partial charges
computed on the metal center and oxygen
atoms, available in Table 6. The charge on the
copper significantly increases from the ground
state of [(NH;)Cu(O,)]" to [(tren)Cu(O,)]*, in
line with the schematic representation of the
molecular orbitals proposed in Figure 7. Al-
though this picture provides a very simplified
view of the electronic structure of these two
complexes, it helps to understand their key dif-
ferences.

In the [(NH;)Cu(O,)]" complex, due to the
presence of only one nitrogen based ligand,
the d.2-like orbital in the [(NH;)Cu|* fragment
is rather low in energy. Two molecular or-
bitals are obtained through interaction with
the dioxygen. The lowest one, which is dou-
bly occupied and formally the Cu-O bonding

orbital, is mostly localized on the copper. In
the case of the [(tren)Cu(O,)]* complex, a
more complete coordination sphere around the
metal pushes copper d-like orbitals up in energy.
Thus, the highest doubly occupied molecular
orbital, again formally the Cu-O bonding or-
bital built by combining 7* and d,2 orbitals, is
mostly localized on the dioxygen moiety, while
the antibonding d.2-like orbital remains mono-
occupied.

Interestingly,  the charges (LoProp)®
computed for the ground state of the
[(tren)Cu(0,)]* complex are similar to those
of the [(NH;)Cu(O,)]* first and second excited
states (T1 and T2). This illustrates that, in the
case of the [(NH;)Cu(O,)]* complex, the elec-
tronic density is displaced away from the copper
center in the excited state. On the other hand,
the charges computed for the LMCT transition
n [(tren)Cu(O,)]" are similar to those of the
ground state of [(NH;)Cu(O,)]". We note that
the partial charges obtained for the reported
d — d transition (T3) and the double excitation
(T4 and T7) in [(tren)Cu(O,)]" are roughly the
same as in the ground state, suggesting that
they do not imply a significant charge transfer.
This also holds true for the other transitions of
the same kind, see Supporting Information for
more details.
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Figure 7: Schematic molecular orbital diagram for [(NH,)Cu(O,)]" and [(tren)Cu(O,)]", con-
structed from the fragments O, (in the center) and [(NH;)Cu]™ (on the left) or [(tren)Cu(O,)]"

(on the right). Energies are arbitrary.

Table 6: Charges per center from the RASSCF wavefunctions (LoProp),% O, is the oxygen atom

bound to copper.

[(NH;)Cu(O,)]" [(tren)Cu(O,)]™

TO T1 T2 | To T3 T4 T7 TI10 (LMCT)
Cu| 069 121 123 1.22 135 134 1.36 0.58
Oq | -0.05 -0.33 -0.33 | -0.38 -0.48 -0.49 -0.50 -0.05
Oy | 0.12 -0.11 -0.11 | -0.28 -0.30 -0.27 -0.29 0.04

For the tren case, we refine the analysis
of the nature of each transition by using the
tools available in the TheoDORE suite. From
the 1-TDM computed with RASSI on the per-
turbed MS-RASPT2 wavefunction, we obtain
the hole and electron densities using singular
value decomposition. The (Hole/Electron) den-
sity plots give a pictorial representation of the
transitions. Moreover, a fragment analysis on
the transformed 1-TDM (in the AO basis) al-
lows us to quantify the amount of charge trans-
fer for the different excitations, Figure 8.37:3
In our case, we define three interacting frag-
ments: the metal, dioxygen and tren ligand. In
Figure 8, the value of the ordinate will vary
depending on the one-electron character of the
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transition, for a pure single excitation it will be
exactly one, for a pure double excitation it will
be zero. The 1-TDM is obtained by integrating
out all but a single electron and it catches the
nature of transitions due to mono-excitations.
It does not contain information about the two-
electron or higher contributions to the wave-
function. When these contributions are rele-
vant, the (Hole/Electron) density plots and the
fragment analysis, both based on the 1-TDM,
may deliver an incomplete picture of the tran-
sitions.

According to Figure 8, the first transition
[0 — T'1] is confirmed to be an IL (both elec-
tron/hole populations are on the dioxygen, in
green). We identify four clear d — d transi-
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Figure 8: Fragment decomposition analysis of
the 1-TDMs (RASSI on the MS-RASPT?2 wave-
function, [(tren)Cu(O,)]" complex) in terms
of electron/hole populations on Cu (blue), O,
(green), and tren moieties (yellow). The shad-
owed histograms, with low ordinate values, con-
cern transitions possessing double excitation
contributions.

tions, [T0 — T2], [T0O — T3], [TO — T5]
and [T0 — T6] (both electron/hole populations
are on the copper, in blue). The last transition
[T0 — T10] is an LMCT. The assignments are
supported by the (Hole/Electron) density plots
for T1, T3 and T10 in Figure 9.

By inspecting Figure 8, it can be seen that the
ordinate values are rather small for [70 — T'4]
(approximately +0.5), [T0 — T'7], [T0 — T8§|
and [T0 — T9] (approximately £0.25). This
fact is attributed to their significant doubly ex-
cited character and suggests that both the hole-
electron density plots and the fragment analysis
may convey partial, limited information. We
have therefore shadowed the histograms con-
cerning these transitions in Figure 8 and the
writings in the corresponding (Hole/Electron)
density plots, Figure 10, to indicate that their
interpretation can be misleading. The detach-
ment and attachment densities obtained from
the 1-DDM (1-electron Difference Density Ma-
trix) provide a better picture of the overall or-
bital contributions for the doubly excited tran-
sitions and they are displayed for [T0 — T'4]
and [T0 — T'7] in Figure 10.

The detachment densities suggest that elec-
tron depletion occurs simultaneously from a d
orbital on the copper and the 7} of the dioxy-
gen. The attachment densities suggest an in-
crease in electron density on both the d.» and
the 7). As a consequence of a compensation ef-
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fect, the net global charge transfer is negligible,
thus the plots indicate again that these transi-
tions do not imply a significant charge transfer.

To evaluate such a charge transfer for each
transition, we use ICE-CI calculations on a
localized CASSCF wavefunction, Figure 11.
The localization procedure allows us to iden-
tify three main blocks of orbitals: the copper
d shell, the dioxygen p shell, and the nitrogen
orbitals of the tren ligand. The remaining or-
bitals added in this active space were also lo-
calized separately for occupied and virtual, see
Figures S15-S16 in the Supporting Information.
For each state, the CSF with the highest weight
is detected and referred to as "main”. All the
CSF's having the same number of electron per
block as the main CSF are called local. Other
CSF's revealing possible charge transfer contri-
butions are classified separately. All of the con-
tributions above a 4% threshold are plotted in
Figure 11 for five states. The other states (d—d
and doubles) show a similar behavior. The com-
plete data are available in the Supporting Infor-
mation (Section 3.3.1).

To illustrate the meaning of these plots, we
shall start by describing the ground state TO.
Considering the main and local contributions
as a whole, it is dominated by configurations
that correspond to the ionic Cu*"O, Lewis
structure. Interestingly, charge transfer contri-
butions from the dioxygen to the copper dis-
play important weights (0 — Cu??, 19.2%),
indicating a significant mixing with the LMCT
state and strong covalency of the dioxygen lig-
and. The latter corresponds to the Cu®O,
Lewis structure where an electron is removed
from the 7* orbital and placed in the dz? or-
bital of the metal. This is consistent with
the weights obtained with RASSCF where the
|ROHF') configuration, corresponding to the
Cu?* 0, structure, is predominant (Weight =
0.77), but the |[LMCT) configuration, corre-
sponding to the Cu™O, structure, has a non-
negligible weight of 0.13, Figure 5. The over-
all picture is in agreement with previous anal-
ysis of the role of LMCT on the multiconfigu-
rational wavefunction of transition metal com-
plexes. 266667 In the case of planar copper com-
plexes, as stated by Giner et al., it is the mixing



Hole/Electron

Figure 9: Hole(red)/Electron(green) densities (isovalue= 0.003) of IL, d — d and LMCT (computed
with RASSI on the perturbed MS-RASPT2 wavefunction).

Hole/Electron Detachment/Attachment

Figure  10: Hole(red)/Electron(green)  densities  (isovalue=  0.003) and Detach-
ment(red)/Attachment(green) densities (isovalue= 0.02) of two transitions with significant
doubly excited character (computed with RASSI on the perturbed MS-RASPT2(18,2,2;2,9,9)

wavefunction).

of the Cu™ and Cu' that yields the correct de- bital” effect that has been extensively described

gree of ionicity of the Cu-O bond. The mixingis by Hiberty and coworkers. 555

possible through single excitations on top of the Let us now consider the LMCT T10 state,
|LMCT) configuration, which are important to which is predominantly described by the Cu* O,
relax the orbitals of the |ROH F) determinant, Lewis structure. For this case, the pie-chart in
as the ROHF orbitals describing Cu*" are not Figure 11 reveals significant contributions from
fully suitable to describe Cu™. This is associ- the 3d shell of the metal to the 2p shell of the
ated with a particular case of the "breathing or- dioxygen (30.5% in red). These account for a
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Figure 11: CSF weights of the main contribu-
tions (above 4%) to five selected roots from lo-
calized CASSCF, ICE-CI(34,35) calculation.

back-donation effect from the metal to the lig-
and.

The influence of charge-transfer excitations
from the tren moiety are rather small in all
cases. The T1 state results from the 7} — 7
(IL) excitation and involves removing electron
density from the Cu-O bonding orbital 7. For
this case, we mention the (rather small) con-
tribution from the tren moiety to the 3d cop-
per orbitals (5.2%, blue region in Figure 11),
which compensates the electron depletion on
the metal. All remaining d — d and doubly
excited states show a similar profile, with no
significant contribution from charge transfer
configurations. In line with the fragment de-
composition analysis, the state T4 shows a
small charge transfer contribution from the
dioxygen 2p shell to the metal 3d shell (4.1%,
Figure 11).

A more in-depth analysis could be achieved
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by looking at the configurations’ weights in the
correlated wavefunctions. As reminded by Gill
and coworkers, "’ the analysis of multiconfigura-
tional wavefunctions for excited states should
be subjected to caution. Given the impor-
tance of doubly excited states in our case, we
disentangle the effects arising from electron cor-
relation and orbital relaxation by performing
an additional ICE-CI(34,47) calculation using
the ROHF orbitals. The results are reported
in the Supporting Information (Section 3.3.2)
and they show that doubly excited configura-
tions largely dominate the wavefunction of the
doubly excited states.

Finally, the complex nature of the spectrum of
[(tren)Cu(O,)]* is attributed to an important
degree of covalency of the copper-oxygen bond.
There exists a subtle interplay between close-
lying 7* orbitals of the dioxygen and the 3d or-
bitals of the metal, leading to a non-negligible
mixing between Cu'’ and Cu'. This gives rise to
an intertwined collection of states. As the pro-
file of [(tren)Cu(O,)]" is similar to the one of
[((TMPA)Cu(O,)]" and [(TMG,tren)Cu(O,)]",
the present analysis transfers to these larger
systems as well.

Interpretation of the spectrum

Having at hands all the wavefunction re-
sults, we can now test the correspondence
of our model against experiment. For the
[(tren)Cu(O,)]* complex, oscillator strengths
were computed using the RASSI approach fol-
lowing the MS-RASPT2 treatment. They
are displayed in Table 7. The oscillator
strengths computed for the [(TMPA)Cu(O,)]"
complex display similar trends as for the model
[(tren)Cu(O,)]* complex, see Table S2 in the
Supporting Information.

Experimental bands 1, 2, and 4 (Figure 2)
were already clearly assigned to d — d transi-
tions and polarizations were given by Woertink
et al.,! Table 1. Our wavefunction calculations
recover the states that are responsible for such
transitions (T2 and T3 from d,2_,2 and d,y to
d,2; T5 and T6 from d,. and d,. to d,2, Ta-
ble 4). The energy and nature of state T10 is



consistent with the experimental LMCT band
5 and the transition to T10 is computed to be
the most intense by far from our calculations,
as expected.

The assignment of band 3 to the IL transition
was proposed by Woertink et al.,'¥ in particular
on the basis of TR experiments. However, this
assignment is not trivial and can be questioned.
Based on the energies that we have obtained,
we are confident to say that the IL transition
corresponds to state T1, which is by far the
lowest excited state. This finding agrees with
the TD-DFT results.!® The computed oscillator
strength of the intraligand transition is among
the smallest obtained (Table 7) and this transi-
tion is expected to be dark. Thus, band 3 is too
intense and too high in energy to match with
the intraligand transition to T1, implicating a
monoexcitation from the 7% to the 7 orbitals
of the dioxygen ligand.

Our calculations show as well that sev-
eral states exist in a small 0.6 eV energy
range, spanning from AE=1.371 eV (T2) to
AE=1.990 eV (T9), Table 7. Besides those re-
lated to the d—d transitions, the remaining four
states are double excitations with respect to the
|ROHF) CSF. According to the wavefunction
results, the doubly excited states (T4, T7-T9)
have a multiconfigurational nature. In T4, for
example, the weights of the highest contribut-
ing CSFs are of 0.47 (d,,,7f — d,2, ) and
0.31 (dyy, ms — d,2, 7)) in the RASSCF wave-
function. This multiconfigurational character
differs from that of T1 (the IL state), which
is governed by a leading CSF, with a weight
of 0.92 (see Table S4 in the Supporting Infor-
mation). Importantly, these states do contain
significant contributions from the 7 to the 7,
orbitals of the dioxygen, which were pointed out
as essential for the state responsible of band 3.
The doubly excited states can be described ei-
ther as a combination of d —d and IL or LMCT
and MLCT but not as pure MLCT or pure IL
and the interpretation of the rR profiles is not
straightforward. We report in the Supporting
Information a preliminary study on some ex-
cited states (T1, T4 et T10) for slightly dis-
torted structures. It suggests that state T4 is
insensitive to v¥(C' — O) and behaves as T'1 (IL)
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regarding v(O — O). As such, T4 is compat-
ible with the rR profiles. Finally, doubly ex-
cited states are expected to be dark,”™ but the
multiconfigurational nature of the ground state
provides a possible explanation for the non-zero
intensity. Indeed, the oscillator strengths asso-
ciated to these states are comparable to those
of the d — d transitions, Table 7. We conclude
that a double excited state, such as T4, can be
responsible of band 3.

Table 7: Excitation energies (AE in eV)
and oscillator strengths, in the length (fe,)
and velocity (fu,e) representations, of the
[(tren)Cu(0O,)]* excited states, as computed at
the MS-RASPT?2 level for the RAS(18,2,2;2,9,9)
active space, we follow here the MS-RASPT2
ordering.

RAS(18,2,2;2,9,9)
AE flen fvel
T1 IL 1.006 <107° 1.5-107%
T2 d—d |1371 3.0-107% 5.2.1073
T3 d—d |1433 23-107° 1.3-107*
T4 double | 1.591 9.2-1073 8.9-1073
T5 d—d | 1608 5.0-107° 29.10~*
T6 d—d |1637 74-107° 3.8-107*
T7 double | 1.771 1.3-107® 1.1-107*
T8  double | 1.905 2.6-1073 1.6-1073
T9  double | 1.990 < 107° <107
T10 LMCT | 2.845 1.5-107! 1.3.10°!
Conclusion

Ground and excited states of triplet bipyra-
mid trigonal copper(II) superoxido complexes
are analyzed by using theoretical approaches
based on wavefunction methods. We present
a detailed study on the [(tren)Cu(O,)]" com-
plex, which shares similar features with the
[(TMG tren)Cu(O,)]" and [(TMPA)Cu(O,)]*"
systems.

Concerning the absorption spectrum of the
complexes, our study based on multireference
methods allows us to understand that the IL
transition leads to the dark state T1 (first ex-
cited triplet state). Previously, it has been pro-
posed that this IL transition would lie in be-
tween the d — d bands. However, in this re-



gion of the spectrum, several states are found
that imply not only the d — d transitions, but
also doubly excited states with respect to the
|ROHF') configuration. These states result ei-
ther from combined MLCT and LMCT transi-
tions, or from simultaneous IL and d — d tran-
sitions and they do not imply a significant net
charge transfer. Our study suggests that band
3, previously assigned to the IL, has not a pure
IL character, but must correspond to a dou-
bly excited state. The LMCT band follows at
higher energy, as expected.

Within TD-DFT and TDA approaches, the
doubly excited states can not be recovered, but
the IL and the d — d transitions are eventually
well reproduced, see TD-DF'T values in Table 1
and in the Supporting Information. The energy
of the LMCT band is also reasonably accurate,
notably within the TDA approach, see Table 3.

Multireference methods are useful to under-
stand the nature of the ground and excited
states of this family of mixed-valence com-
plexes, lying between Cu'' and Cu'. For this
class of complexes, we reach the limits of ap-
plicability of CASSCF-CASPT2 methods with
currently available computing resources. We
highlight the usefulness of approximate CI
schemes such as ICE-CI or DMRG, in combina-
tion with the RASSCF-RASPT2 approach, to
account for a significant part of the electronic
correlation at play. The analysis of ground and
excited states has implications for catalysis as
these complexes can be involved in multi-state
reactivity or photo-chemical processes.
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TOC Graphic

Double excitation of the triplet state

Doubly excited states in the d — d region of the
absorption spectrum of bipyramid trigonal cop-
per(I1) superoxido complexes are unveiled by em-
ploying multireference methods.
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