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Magnetic properties of open-shell systems depend on their

unpaired electron density distribution. Accurate spin density

(SD) is difficult to retrieve, both from polarized neutron diffrac-

tion (PND) data and from quantum approaches, and its inter-

pretation is not trivial. The Source Function is a useful tool to

interpret SD distributions and their accuracy. It is here applied

to analyze and compare the theoretical SD in a weakly ferro-

magnetically coupled end-end azido dicopper complex with

that in a strongly-coupled end-on complex. The Source Func-

tion enables to highlight the origin of the SD differences

between the two dicopper complexes and among adopted

computational approaches (CASSCF, DFT, UHF). Further insight

is provided by partial Source Function SD reconstructions

using given subsets of atoms. DFT methods exaggerate elec-

tron sharing between copper and the ligands, causing spin

delocalization toward them and overestimating metal-ligand

spin polarization, while underestimating CASSCF spin informa-

tion transmission between atoms. CAS(10,10) SD is closer to

the PND SD than other adopted methods VC 2018 Wiley

Periodicals, Inc.

DOI: 10.1002/jcc.25150

Introduction

Spin density (SD) distribution s(r), which is defined as the differ-

ence between the a and b components of the electron density

(ED) q(r), is certainly one of the most useful quantities to study

the spin information transmission in a system. Understanding the

magnetic interaction pathways and the mechanisms through

which magnetic and non-magnetic centers communicate is an

obligatory step to project specific magnetic networks and to tune

their properties.[1–3] In the last half-century, the charge density

community has focused its attention mainly on the study of the

ED topology, testified by large number of key-stone papers and

introducing new mathematical topological descriptors able to

enhance its chemical interpretability.[4–7] If we can consider the

study of the ED as a “mature” (but not saturated) field, this is not

the case for the SD. The reasons of this lack of knowledge lie in its

intrinsic nature and in the technical difficulties to retrieve accurate

enough SDs. Experimentally, the s(r) may be derived from polar-

ized neutron diffraction (PND) experiment on a magnetic crystal,

which requires a neutron source and a sophisticated setup.[8,9]

The very small number of reflections obtainable from PND experi-

ment (only�10% of all the reflections in the reciprocal space) and

the restricted access to neutron beamtime are the most important

factors that hinder the reconstruction of good experimental SD

distributions.[3] A boost in this direction has been recently

achieved by Deutsch et al., who introduced for the first time a

spin-split (qa and qb) version of the Hansen and Coppens multipo-

lar model[10] for a joined fitting of X-ray and PND data.[3] Through

this approach, they demonstrate that experimentally refined qa

and qb distributions are good enough to be comparable to the

theoretical results,[2,3] although some important warning was

recently put forward by us as to the insufficiency of such agree-

ment to also have comparable SDs.[11] Theoretical SDs can be eas-

ily calculated using, for example, unrestricted methods, but they

are usually far from being reliable. Systematic studies using den-

sity functional theory (DFT) exchange-correlation functionals,

which are largely used in literature, have demonstrated that they

are unable to treat open-shell systems properly, leading to non-

accurate SDs.[12–14] Ab initio electron correlation methods are

needed to predict more reliable SDs, but they are sometimes too

computational demanding and cannot be used for large systems.

In addition to these technical problems, the extraction of

chemical information from the SD is not an easy task and it is

for sure less trivial than for q(r), even for very simple molecules

such as triplet state water or alkyls radicals.[15,16] For this pur-

pose, in some previous works the concept of Source Function

(SF), first introduced in 1998,[17] has been extended to the SD

distribution.[15,16] The SF descriptor enables one to visualize

either the ED or the SD distributions in terms of a cause-effect

relationship, where q(r) or s(r) at any point can be envisaged

as due to an associated local source operating at any other

point r0 in the space.[18] When the molecule is partitioned

according to the Quantum Theory of Atoms In Molecules

(QTAIM),[19] the SF provides insight on the ability of an atom

or a group of atoms to contribute to the reconstruction of q(r)

or s(r) in any specific reference point (RP). In the case of s(r)

reconstruction, the SF tool highlights the magnetic molecular

pattern for the selected molecular or crystal region.
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In our latest work, we have tried to push up the limits of

the SD interpretation through the SF tool by analyzing the

magnetic molecular patterns of more complicated cases,

namely two azido dicopper complexes.[11] The SF descriptor

applied to the first of this couple of compounds, a symmetric

end-on (EO) azide,[20] was able to neatly identify the similari-

ties and the differences between the SD distributions obtained

with different theoretical methods. It has been shown that the

DFT functional exaggerates electron sharing between copper

and the ligands, causing spin delocalization toward them and

overestimating spin polarization mechanisms, while underesti-

mating spin information transmission relative to the complete

active space self-consistent field (CASSCF or CAS) method. Due

to the large complexity of the SD distribution, the choice of

proper RPs for the SF analysis and the interpretation of their

results are not as straightforward as are for the study of the

ED. To overcome this problem, two-dimensional (2D) SF recon-

struction has been recently proposed.[11] Two- and three-

dimensional SF maps allow one to see how a subset of atoms

reconstructs the SD in a plane or in a portion of space, differ-

entiating informative regions from the non-informative ones

and simplifying this choice. To improve the chemical compre-

hensibility and to provide new insights, spin density SF can be

decomposed in two complementary contributions: a magnetic

term, which takes into account the contribution from the sin-

gly occupied orbitals, and a relaxation term due to the remain-

ing orbitals.[11,15] The high sensitivity of the SF descriptor

allows it to be also a valid tool to bring to light small differ-

ences and to discuss the accuracy of SD distributions obtained

from different calculation methodologies or to compare exper-

iment and theory outcomes.[11]

In this article, we want to complete the study of the theoretical

SD in azido CuII complexes analyzing the end-end (EE) system.[21]

Two are the main purposes of this work. First of all, we want to

perform a comparison between this EE complex and the EO stud-

ied in the previous case.[11] In both systems, the Cu centers are fer-

romagnetically coupled, but with quite different coupling

constant J, large for the EO and almost negligible for the EE sys-

tem.[20,21] Second, we want to largely deepen our tests on the

accuracy of the SDs obtained from post Hartree-Fock ab initio

CASSCF and DFT methods, trying to highlight the origins of their

differences. Furthermore, a comparison between a pure and

hybrid exchange-correlation functional was performed to corrob-

orate or to contradict the SD differences observed in the FeII nitro-

syl complex, using the same functionals as Boguslawski et al.[13]

Source function spin density

In 1998, Bader and Gatti introduced the SF descriptor, demonstrat-

ing that the ED at any point r, q(r), is caused by a local source (LS)

function operating at all the other point r0 of the system[17]

q rð Þ5
ð

R3

LS r; r0ð Þdr05

ð
R3

2
1

4p
r2q r0ð Þ
jr2r0j dr0: (1)

The LS function depends on the ED Laplacian r2q(r0) evalu-

ated at the point r0 and on the distance between this point

and the one where q(r) is reconstructed. This simple expres-

sion highlights a cause-effect relationship linking all the points

of the system, where r2q(r0) is the cause, q(r) the effect and

(4p|r2r0|)21 is a Green function that works as a weighting fac-

tor. When the whole space is partitioned according to the

QTAIM definition of an atomic basin,[19] that is, the region of

space bounded by zero-flux surfaces (ZFSs) of $q(r), the inte-

gral over R3 can be expressed as the sum of LS integrated

inside all the QTAIM atoms X. In this way, it is possible to

express the reconstructed q(r) in terms of atomic contribu-

tions, which provides precious chemical insights and an easy

to grasp picture of the role played by the various atoms in

determining the ED in a specific point of the space. When

the LS is integrated inside a basin X it is called its Source

Function S

q rð Þ5
ð

R3

LS r; r0ð Þdr05
X
X

ð
X

LS r; r0ð Þdr05
X
X

S r;Xð Þ: (2)

The SF descriptor can be easily extended to the SD case just

replacing the scalar field q(r) with s(r) and r2q(r0) with r2s(r0)

s rð Þ5
ð

R3

LSs r; r0ð Þdr05
X
X

ð
X

2
1

4p
r2s r0ð Þ
jr2r0j dr05

X
X

Ss r;Xð Þ:

(3)

The space partitioning is performed, also in this case, using

the $q(r) ZFSs to maintain the definition of QTAIM atoms and

the related SF contributions. A partitioning scheme associated

to $s(r) is also possible and interesting, but the interpretation

of the resulting basins and Ss is more complicate. We are pres-

ently investigating this alternative strategy on very simple

compounds and results will be reported in a future

publication.

The LS for the spin density LSs assumes the form

LSs r; r0ð Þ5 2
1

4p
r2s r0ð Þ
jr2r0j 5 2

1

4p

r2 qa r0ð Þ2qb r0ð Þ
� �
jr2r0j 5

r2qb r0ð Þ2r2qa r0ð Þ
4pjr2r0j :

(4)

The r2q(r0) and r2s(r0) scalar fields dilute and concentrate in

quite different ways throughout the molecular space and so

lead to quite different atomic sources.[11,15] Furthermore, at

variance with the case of the ED, concentration or dilution of

both a and b components do not ensure a positive or nega-

tive LSs because SD is defined as the difference between the

qa and qb density. For this reason, it is the relative weight

of the a and b terms that matters. In the former case,

when the a component is more concentrated, that is,

|r2qa(r0)|> |r2qb(r0)|, the LSs in that point will be positive and

it contributes to increase the SD in any other point r, vice

versa when |r2qa(r0)|< |r2qb(r0)| the LSs will be negative,

decreasing the value of s(r). Points or region with LSs> 0

(r2s< 0) will then produce a so-called a effect (an increasing

of the qa component in the point r), on the contrary LSs< 0

(r2s> 0) will yield a b effect. A more detailed discussion about

this can be found in Gatti et al. paper published in 2015.[15]
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The magnetic and relaxation (or reaction) decomposition of

the SF values helps to ease their interpretation. The former

term is related to the distribution of the unpaired a electrons,

while the latter is due to all the other a and b electrons. The

magnetic density can be easily obtained by diagonalizing the

first-order density matrix and by selecting those orbitals with

occupation number equal or very close to one. Although the

magnetic contribution is only due to a electrons that generate

a positive total SD distribution everywhere, magnetic LSs may

have both a and b effects, depending on the sign of the mag-

netic density Laplacian. The relaxation term integrates over

the whole space to zero, but locally can assume s(r) 6¼ 0 values

and its LSs can enhance or counteract the effect of the mag-

netic term.[11,15]

Atomic SF contributions are usually analyzed in terms of

percentage contributions at a specific RP, expressing the ability

of an atom or a group of atoms to determine the density (in

this case SD) in this point[18]

Ss% RP;Xð Þ5 Ss RP;Xð Þ
s RPð Þ � 100: (5)

However, as mentioned in the introduction, the choice of a

meaningful RP for the SF evaluation is not trivial in the case of

the SD scalar field. To overcome this issue, we recently

extended the SF analysis to an N-dimensional (ND) grid of RPs,

by which it is possible to partially reconstruct density along a

line (N 5 1), in a plane (N 5 2) or in a volume (N 5 3) using a

limited subset of atoms

s X; subsetf g rð Þ5
X

X; subset

ð
X

LSs r; r0ð Þdr05
X

X; subset

Ss r;Xð Þ: (6)

When the subset includes all the atoms, the reconstructed SD

should be equal to the total SD if no numerical errors are

present.

These N-dimensional SF analyses enable one to have a

clearer picture of the role of a given subset of atoms in defin-

ing the SD in a selected region. Through this approach, it is

possible to verify which zones are the most important in the

spin information transmission and which atoms contribute

more. Moreover, atomic SF partial reconstruction provides fur-

ther insights on the origin of the discrepancies found in the

SDs obtained from different theoretical methods.[11] In this

work, we will use both the Ss% analysis adopting the conven-

tional ball-and-stick representation and the 2D SF partial

reconstructed SD maps.[11,15]

To conclude this section, it is beneficial to remind that the

information obtained from the SF descriptor is only a function

of the total SD and is independent from any model through

which it is expressed.

Structural and magneto-structural information

The azido group N2
3 is one of the most used magnetic coupler

in molecular magnets and it is classifiable as a non-innocent

ligand.[21] The N2
3 is able to couple metallic centers in two

different ways: (i) through one terminal N atom (l-1,1 EO coor-

dination) or (ii) through the two terminal N atoms (l-1,3 EE

coordination). The coordination geometry can be symmetric,

when the CuAN bonds are equivalent, or asymmetric, when

there is one short and one long CuAN bond.

In our previous work,[11] we have studied the SD distribution

in a symmetric EO azido bridged dicopper molecular complex

(chemical formula [Cu2(t-Bupy)4,(N3)2]21, t-Bupy 5 p-tert-butyl-

pyridine), whose molecular geometry has been taken from the

18 K crystal structure of its perchlorate salt, obtained by

Aebersold et al. in 1998.[20] In this work, we report the SF anal-

ysis of the calculated SD of the asymmetric EE CuII azido com-

plex (chemical formula Cu2L2(N3)2, with ligand L 5 1,1,1-

trifluoro-7-(dimethylamine)-4-methyl-5-aza-3-hepten-2-onato),

whose 150 K X-ray geometry has been determined by Aronica

et al. in 2007.[21]

Figure 1 shows the centrosymmetric molecular structure of

the EE complex and of the protonated L ligand (LH), where the

atomic labels are the same as reported in the original paper.[21]

The CuII cation has a square-pyramidal geometry coordination,

where the atoms N1, N2, and O1 of the L ligand and one of the

terminal nitrogen (N5) of the azido moiety form the square-

pyramidal base, while the other terminal N (N3) of the second

azido bridge coordinates from the top. This coordination geome-

try is responsible for the N2
3 coordination asymmetry. The azido

nitrogen belonging to the square base (N5) forms a short bond

with the CuII cation (CuAN5 5 2.000 Å), while the other terminal

N (N3) forms a long bond (CuAN3 5 2.356 Å). In both EE and EO

complexes, the two CuII cations exhibit a ferromagnetic (FM) cou-

pling but with different extent: the asymmetric EE system has a

J 5 17 cm21, while the coupling constant for the symmetric EO is

J 5 300 cm21.[20,21] This weak FM coupling in the EE system is due

to the square-pyramidal geometry around the CuII cations,

because while the N5 atom points toward the magnetic dx22y2

orbitals of the paramagnetic center, the other terminal nitrogen

N3 faces the non-magnetic dz2 orbital of the other CuII cation.

Computational Details

Chemical structure of the Cu2L2(N3)2 molecular system[21] (EE

azido complex) was kept fixed at the crystal geometry through

Figure 1. Molecular structure of the centrosymmetric end-end (EE) dicop-

per azido complex (left) and LH ligand scheme (right). The bond distances

of the atoms coordinating the CuII cation are: CuAN1 5 1.961 Å;

CuAN2 5 2.035 Å; CuAN3 5 2.356 Å; CuAN5 5 2.000 Å; CuAO1 5 1.927 Å.

Atoms color code is: light blue (copper), green (fluorine), red (oxygen),

blue (nitrogen), black (carbon), and white (hydrogen). [Color figure can be

viewed at wileyonlinelibrary.com]
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all the calculations. Theoretical SD calculations of the triplet

ground-state were performed in vacuo at different levels of

theory using the Gaussian16 program suite.[22] Hybrid unre-

stricted B3LYP (UB3LYP) and pure unrestricted BLYP (UBLYP)

exchange-correlation functionals were used within the unre-

stricted DFT (UDFT) approach. These functionals were chosen

analogously to those used by Boguslawski et al.,[13] to com-

pare hybrid and pure exchange-correlation DFT Hamiltonian.

All the obtained results were corrected through spin annihila-

tion procedure, leading to almost zero spin contamination

(<S2>5 2.000 for both UB3LYP and UBLYP). CASSCF computa-

tions were performed using different active spaces. The small-

est active space used includes six electrons and six orbitals

[CAS(6,6)], four occupied, and two virtual. To increase the qual-

ity of the multi-configuration wavefunction, we expand the

active space taking into account 10 electrons in 10 orbitals

[CAS(10,10)]. Starting guesses were taken from unrestricted

Hartree-Fock (UHF) natural orbitals (NOs), selecting both Ag

(total symmetric gerade) and Au (total symmetric ungerade)

symmetries. The two initial half-full NOs are mainly localized

on the CuII cations and have a “d-like” shape, with some tails

on the coordinated ligand heteroatoms. Azido and L ligand

“p/p*-like” NOs were selected to complete the (6,6) and (10,10)

active spaces. The magnetic part of the SD was obtained

selecting those NOs with occupation numbers very close to

one. The procedure used to obtain the SD was the same

described in our previous works.[11,15] Peintinger et al. pob-

TVZP basis set was used through all the calculations.[23]

Modified version of AIMPAC program package by Biegler-

K€onig et al.[24] (i-ii) and home-developed codes (iii) have been

used to evaluate different properties: (i) EXTREMESPIN, to cal-

culate SD and SD Laplacian values at relevant stationary

points; (ii) SPINSF2016, to evaluate Bader’s basins properties

and to obtain the SF contributions at selected RPs of a N

dimensional grid (with N 5 0,3); (iii) PLOTDEN2016: to plot the

contour 2D maps of s, r2s, and SF reconstructed partial SDs.

The ZFSs of the basins were obtained using the “classical”

$q(r) line gradients to preserve the QTAIM definition of

atoms.[19] All the structures here reported were visualized

using the Diamond program,[25] while the 3D SD isosurfaces

were plotted using VESTA software.[26]

Results

Effect of the active space size on the CASSCF spin

populations

DFT functionals are largely used to obtain information on mol-

ecules and transition metal complexes.[13] One of the reasons

of this success is that it is possible to treat large compounds

with relatively low computational efforts. However, the treat-

ment of open-shell systems remains a big challenge for all the

DFT functionals, as the SD distribution is in principle not

required to define the ground state of a specific compound,

but it is included as an additional parameter in the Hamilto-

nian.[27] The classical exchange-correlation functionals, such as

for example B3LYP, BP86, and M06, are not calibrated to

correctly reproduce the SD of magnetic systems, and this obvi-

ously results in non-accurate distributions.[13]

Ab initio electron correlation methods are then fundamental

to recover accurate SDs. CASSCF is one of the most used post

Hartree-Fock methods to introduce static correlation. Unfortu-

nately, at least two “Achilles heels” affect this method and limit

its systematic use. The first problem concerns the size of the

active space, because usually the ab initio softwares are able to

manage a limited number of electrons and orbitals due to the

large computational efforts required. The second critical point is

the choice of the active orbitals, which very often is arbitrary and

not completely appropriate. Obviously, the larger is the active

space chosen, the more accurate the correlation correction is,

within the computational limits. Large active spaces may gener-

ally lead to convergence failures and practical recipes to define

their most suited size have been put forth.[28]

As we briefly described above, in this work we used two active

spaces: the CAS(6,6), with 6 electrons distributed in 6 orbitals,

and the CAS(10,10), with 10 electrons in 10 orbitals. CAS(6,6)

active space was chosen analogously to what reported in the EO

azido complex work, where we select the two “d-shape” singly

occupied NOs located on the CuII cation and the “p-like” NOs on

the azido moiety.[11] Here, we were however able to expand the

(6,6) active space up to (10,10), including the “p/p*” NOs of the L

ligand. A further increment to CAS(14,14) was not possible due

to technical limits. The selection of the proper UHF active NOs

for CASSCF calculation, chosen as described in the Computa-

tional Details section, was easily performed, as they were

HOMOs–LUMOs orbitals. A similar expansion of the active space

to that adopted here for the EE system had not been possible for

the EO azide because of symmetry issues.[11]

UHF method shows a high spin contamination effect

(<S2>5 2.0946) and annihilation procedure was necessary to

recover the correct spin state (spin-annihilated final state

<S2>5 2.0045). Energy gain relative to the UHF wavefunction

obviously increases with the size of the CASSCF active space.

It amounts to 20.0575 au for the CAS(6,6) and almost doubles

(–0.1023 au) for the CAS(10,10) model wavefunction, while the

number of configurations increase from 225 to 44,100. Energy

data of all the wavefunctions used in this article are reported

in the Supporting Information (Table S1).

The significant energy gain from CAS(6,6) to CAS(10,10)

implies that the added starting NOs are important for the cor-

rect description of the system and that a reasonable conver-

gence is not reached at the CAS(6,6) level. However, a full

convergence cannot be ensured even at the CAS(10,10) level,

yet the rapid growth of the configuration numbers and the

technical limits do not allow us to further increase the active

space. Magnetic orbitals were selected based on occupation

numbers. These latter were negligibly different from one at

the CAS(6,6) level and equal to almost one (1.032 and 0.977 e)

at the CAS(10,10) level.

The UHF and CASSCF QTAIM electron net charges, q(X), and

electron spin populations, SP(X), for the Cu atom, the azido

moiety (N3, N4, and N5), and some L atoms (N1, N2, and O1)

are reported in Table 1.
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Hereinafter, in the whole text the term CuII cation(s) will be

replaced by Cu atom(s) when properties of the QTAIM basins

or of those derived from Mulliken’s partitioning are discussed.

The first remark one can extract looking at the data

reported in Table 1 is that the net charges are more stable

than the spin populations (SP) against model change. Cu net

charge remains more or less unchanged moving from the UHF

method (1.459 e) to CAS(6,6) (1.463 e) and to CAS(10,10)

(1.460 e) models, while the SP of the Cu atom raises first from

0.891 to 0.909 e (UHF and CAS(6,6), respectively), then it

decreases to 0.821 e in the CAS(10,10) model. This large fluctu-

ation is intrinsic in the SD definition, as a compensation of a
and b components of the q (leading to an increment of the a
and a similar reduction of the b population) recovers the same

total population and net charge, but results in a largely differ-

ent SP (SP(X) 5
Ð

X(qa – qb)dr). However, the increase of one

component at the expense of the other has a physical signifi-

cance and may be an indicator of the shortcomings of a

model wavefunction (see infra). The most evident SP changes

occur on the azido moiety. The total SP of this group little

varies from the UHF value of 0.032 e to a value of 0.022 and

0.060 e for the CAS(6,6) and CAS(10,10) models, respectively.

But what are relevant are the population variations within the

group. The CAS(6,6) model smooths the SP distribution of the

N atoms. UHF predicts a high positive SP located on the short-

bonded N5 atom (0.109 e), while the long-bonded N3 shows a

negative population of similar magnitude (–0.086 e), pointing

to a spin polarization mechanism within the ligand. The

CAS(6,6) method contradicts this description, predicting a

much smaller SP on the N5 atom (0.017) and a positive, close

to zero, SP on the N3. Here, the polarization mechanism disap-

pears, in favor of a spin delocalization mechanism. Both UHF

and CAS(6,6) methods predict a small positive SP on the N4,

the central atom of the azido bridge. On average, the CAS(6,6)

SP on the L atoms is smaller in magnitude than at the UHF

level. When the active space is extended from (6,6) to (10,10),

the overall a-spin delocalization toward both the azido moie-

ties and the L ligands grows up. This is summarized by the

sum R0 of the SPs of the atoms listed in Table 1, except Cu,

which raises from 0.083 e in CAS(6,6) to 0.155 e in the

CAS(10,10) model. Such an increase is probably due to the

introduction in the active space of the p/p* NOs of the L

ligands, which returns a more flexible model and allows a

greater a-spin delocalization.

Figure 2 shows 3D SD isovalue surfaces plots for the UHF

and CAS calculations. Although CAS(10,10) and CAS(6,6) calcu-

lations do not completely agree from a quantitative point of

view, they yield qualitatively similar SD distribution, while UHF

ones greatly differ.

UHF predicts extended negative regions (colored in light

blue) around the CuII cations and on N4 (N4’) and N3 (N3’)

atoms of the azido moieties, which are completely or partially

missing in the Multi Configuration Self Consistent Field

(MCSCF) calculations. Positive and negative SD accumulations

alternating within the azido moieties indicate spin polarization,

which complies with the large and opposite SPs reported in

Table 1. The presence of positive and negative zones on the

azido central N4 justifies its almost zero SP. Small, but not neg-

ligible, negative SD regions can be also found on the L carbon

atoms. In the CAS(6,6) isovalue map, the negative regions

Table 1. QTAIM electron net charges, q(X), and electron spin populations,

SP(X), for selected atoms X at three different levels of theory: UHF,

CAS(6,6), and CAS(10,10).

Basin

q(X) SP(X)

UHF CAS(6,6) CAS(10,10) UHF CAS(6,6) CAS(10,10)

Cu 1.459 1.463 1.460 0.891 0.909 0.821

N1 21.440 21.441 21.362 0.033 0.020 0.057

N2 21.209 21.210 21.212 0.028 0.021 0.019

N3 20.218 20.204 20.196 20.086 0.002 0.023

N4 20.201 20.248 20.259 0.009 0.003 0.003

N5 20.401 20.370 20.357 0.109 0.017 0.034

O1 21.329 21.330 21.342 0.021 0.020 0.019

R’ 23.339 23.339 23.269 0.114 0.083 0.155

The sum of q(X) or SP(X) values over the selected atoms, except Cu, is

denoted as R’. Space partitioning has been performed according to

$q(r) zero-flux surfaces.

Figure 2. Three-dimensional spin density isovalue surfaces plots for the

UHF, CAS(6,6), and CAS(10,10) calculations. Isovalue levels are fixed at 5

31024 e. Positive values are reported in yellow, negative values in light

blue. These isovalue surfaces plots are reproduced using VESTA software.[26]

[Color figure can be viewed at wileyonlinelibrary.com]
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completely disappear except for small lobes around the N3

atom. Here, we can clearly see that the opposite spin zones

predicted by the UHF just annihilate each other, leading to a

contraction of the positive spin envelope located on the N5

and to a more smoothed distribution on the whole azido

ligand. Beyond these differences, both UHF and CAS(6,6) maps

show the same positive four-lobed SD distribution around the

CuII cations and similar SD in the region of the L heteroatoms.

The CAS(10,10) spin isovalue surfaces are very much alike

those for the smaller active space (6,6) except few noticeable

differences: (i) the positive regions located on the N3 and N5

atoms are bigger, in accordance to the values reported in

Table 1; (ii) small negative lobes appear on the central N4

atom; and (iii) the N1 atom shows a more delocalized SD iso-

surface. Analogous 3D SD isovalue surfaces plots for the two

DFT functional adopted, UB3LYP and UBLYP, are shown in Fig-

ure S1 of the Supporting Information and compared with the

CAS(10,10) ones. From now on, only the CAS(10,10) results will

be used in the analysis of the SD distribution of the EE azido

complex. CAS(10,10) is also taken as the reference correlated

model for comparison with DFT results (see next section).

CAS(10,10) versus DFT and PND spin populations

CAS(10,10) SP for the atoms listed in Table 1 are compared in

Table 2 with those obtained at the DFT level of theory (pre-

sent work) and those reported in Table 5 of Ref. [21] (from

DDCI-3/DFT computations and PND data refinement). As the

DDCI-3/DFT results refer to Mulliken’s populations, CAS(10,10)

and DFT Mulliken’s SPs, SPMul(X), are also listed in Table 2, for

the sake of a fair comparison. QTAIM atomic charges at

CAS(10,10) and at the DFT level of theory adopted in the pre-

sent work are reported in the Supporting Information (Table

S2).

Similarly to what was found in previous works and in the

preceding paragraphs, populations are strongly dependent on

the computational method and on the DFT functional

used.[11,15] The not negligible differences within the DFT func-

tionals reside in the nature of the DFT theory, both the elec-

tronic energy and the electronic observables are herein

defined by the ED distribution only. As stated before, SD is not

in principle needed to define the exchange-correlation func-

tionals, but it is a pure additional variable in the Hamiltonian.

CAS(10,10) calculation estimates that the 82% of the total 2

e SP resides on the Cu basins, the 6% is located on the azido

moieties, while the 10% is concentrated on the heteroatoms

coordinating the metal centers. Mulliken’s population are simi-

lar to Bader’s ones, resulting in 84%, 6%, and 8% percentage,

respectively. These data are very close to those obtained by

Aronica et al. using a DDCI-3 method (81%, 8%, and 9%

percentage, respectively).[21] DFT predictions are instead

completely different. UB3LYP QTAIM (Mulliken’s) populations

indicate that only 64% (65%) of the two unpaired electrons

reside on the Cu atoms, while UBLYP retrieves for them only

the 53% of the whole SP. These values are decisively lower

than those found for the CAS(10,10), confirming that DFT cal-

culations largely exaggerate the a-spin delocalization toward

the ligands.[11,13] This interpretation is strengthened if one

looks at the SPs on the azido and ligand atoms. For UB3LYP,

an overall 11% of QTAIM SP lies on the N2
3 bridges and a 21%

of it is located onto ligand heteroatoms. The corresponding

numbers for the UBLYP functional are 17% and 25%, respec-

tively. At least for this compound, pure UBLYP exchange-

correlation functional has a higher tendency to delocalize the

two unpaired electrons than hybrid UB3LYP. These outcomes

reveal an opposite trend respect to what Boguslawski et al.

found for the FeII nitrosyl complex, where pure UBLYP func-

tional shows smaller differences than hybrid UB3LYP functional

when compared to CASSCF results.[13] This fact seems to sug-

gest that no general rules about the accuracy of DFT function-

als, according to their different nature, in predicting SD can be

stated before further investigations. PND results by Aronica

et al. are intermediate between the CAS(10,10) and the

UB3LYP outcomes, estimating that the 72% of the SP lies on

the Cu atoms, the 7% on the azido moieties and the 16% on

the L ligand heteroatoms.[21] By refining the parameters of a

spin-split multipolar model against X-ray and PND data,

Deutsch et al.[3] found a SP percentage on the Cu atoms of

74%, quite close to the value (72%) predicted by Aronica[21]

(252 and 125 magnetic structure factors were respectively

used in the refinements). From a qualitatively viewpoint, all

Table 2. Spin density populations, SPs, in the end-end azido CuII dinuclear complex.

X SP(X)[a] SPMul(X)[a] SPAronica(X)[b] SPPND(X)[c]

Cu 0.821 0.640/0.528) 0.839 (0.650/0.534) 0.806 (0.571) 0.719[6]

N1 0.057 (0.069/0.078) 0.053 (0.069/0.079) 0.028 (0.100) 0.044[5]

N2 0.019 (0.078/0.089) 0.015 (0.077/0.090) 0.021 (0.113) 0.076[6]

N3 0.023 (0.065/0.091) 0.022 (0.073/0.100) 0.040 (0.113) 0.033[7]

N4 0.003 (0.005/0.010) 0.005 (–0.001/0.002) 0.004 (–0.022) 0.004[5]

N5 0.034 (0.042/0.066) 0.031 (0.038/0.064) 0.039 (0.044) 0.029[6]

O1 0.019 (0.067/0.083) 0.013 (0.065/0.082) 0.044 (0.077) 0.043[5]

Razide 0.060 (0.112/0.167) 0.058 (0.110/0.166) 0.083 (0.135) 0.066[18]

RL 0.095 (0.214/0.250) 0.081 (0.211/0.251) 0.093 (0.290) 0.163[16]

The atoms labels are the same of Figure 1. The sum of SP(X) values over the atoms belonging to the L ligand (N1, N2, and O1) is denoted as RL, while

the sum of the corresponding values over the azido N atoms (N3, N4, and N5) is denoted Razide. [a] Data from the CAS(10,10) wavefunction (UB3LYP/

UBLYP results in parentheses). SP(X): QTAIM partitioning scheme, SPMul(X): Mulliken’s partitioning. [b] DDCI-3 Mulliken’s spin populations from Table 5

of Ref. [21]. DFT populations in parentheses. [c] Polarized Neutron Diffraction (PND) data from Table 5 of Ref. [21]. Estimated standard deviation in

brackets.
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the adopted methods agree on the SP magnitude of the cen-

tral nitrogen of the azido moiety (N4), that is very close to

zero, while they are discordant on the relative SP weights of

the N3 and N5 atoms, those bonded to CuII cation.

A deeper insight on the nature of the remarkable differ-

ences between the Cu SD population of the CASSCF and DFT

methods can be obtained by an in tandem exam of their EDs

and SDs properties. Indeed the question may arise whether

the enhanced delocalization of the unpaired ED to the ligands

is but a consequence of the excessive electron delocalization

typical of DFT (while HF methods behave oppositely).[29] As

shown in Supporting Information Table S2, the Cu net charges

predicted by the DFT functionals (q 5 1.135/1.042 e for

UB3LYP/UBLYP) are significantly lower than the CAS(10,10) esti-

mate (q 5 1.460 e), meaning that more electron population lies

in the Cu DFT basin relative to the CAS(10,10) one. The

increased distances between the Cu nucleus and the bond

critical points (BCPs) with bonded neighboring atoms and the

expansion of the Cu basin volume (evaluated using a q cutoff

equal to 1023 e) reveal that DFT, in particular the UBLYP

exchange-correlation functional, overestimates the Cu basin

size and enhances covalency of Cu-ligand bonds (as charge

transfer is reduced). Taking the CAS(10,10) results as a refer-

ence, UB3LYP shows a variation equal to 10.05 au for the Cu-

BCPs average distance and to 17.6 au for the Cu volume,

while the UBLYP corresponding enhancements are 10.07 au

and 110.1 au, respectively. All these mentioned changes, rela-

tive to the CAS(10,10) estimates, are caused by the exagger-

ated electron delocalization inherent to DFT. To help to

disentangle, if ever possible, ED from electron SD DFT effects,

we have evaluated DFT atomic QTAIM net charges and SPs

using the CAS(10,10) atomic boundaries. Results are listed in

Table 3, showing a significant effect on net charges and a neg-

ligible one on the SPs. When the CAS(10,10) boundaries are

adopted, the Cu atom becomes more positively charged and

the L ligand heteroatoms all increase their negative net

charge. The azide group also increases its electron population,

becoming as a whole more negatively charged. SPs remain

instead unaffected by the change of boundaries, implying

either a compensation of the a- and b-ED contributions effects

and/or, more likely, the inclusion/exclusion of regions where

the SD is very low.

SD contour maps drawn in the least squares plane of the

CuAO and of the three shorter CuAN bonds show that the

DFT functionals predict a small negative SD region between

the Cu nucleus and the bonded atoms (Fig. 3). The enhanced

electron delocalization of DFT could be responsible for this

spin polarization mechanism, which likely leads to the men-

tioned covalency increase of the CuAX bonds (X 5 N, O). To

make a step further in our attempt to untangle ED from elec-

tron SD DFT effects, we have also analyzed the ED and elec-

tron SD differences, relative to CASSCF, for the two DFT

selected approaches. The total densities and their differences

are pictorially illustrated in the least-square plane of the CuAO

and of the three shorter CuAN bonds (Fig. 3).

Comparison of the ED maps visibly shows that both DFT

approaches describe the CuAN bonds and the CuAO bond as

more shared and covalent in nature, relative to CAS(10,10)

method (consider for instance the shape of isodensity con-

tours close to the CuAN5 BCP). As already mentioned, this

implies a less positively charged Cu atom and less electron

rich N and O ligand atoms (Supporting Information Table S2;

note that N3, the azide atom involved in the long CuANazide

bond with the “doubly occupied” dz2 orbital behaves oppo-

sitely). The ED differences indeed show that, along the Cu-

ligand directions and relative to the two DFT approaches, the

CAS method predicts less ED from the Cu nucleus to the Cu-

ligand BCP and, vice versa, more ED from this BCP to the

ligand nuclei. Then, one notices some compensating mecha-

nism close to the nuclei (for Cu also in the directions of the

“doubly” occupied orbital dxy) with an opposite charge trans-

fer, relative to that observed along the Cu-ligand “bonding”

regions. This fact may reasonably justify why N5azide under-

goes only a small decrease of its net charge on going from

CAS(10,10) to DFT (Supporting Information Table S2).

The increase of covalency of CuAN interactions in DFT

implies a decrease of the Cu SP and a consequent increase of

the SP on ligands (compare s(r) plots). This is clearly illustrated

by the SD difference maps and, in particular, by the differences

along the Cu-ligands interactions. At the CAS(10,10) level,

there is an higher SD from the Cu nucleus to the Cu-ligand

BCP (so within the Cu basin) and a lower SD from almost this

BCP up to the nuclei of the ligands (so within their basins), rel-

ative to DFT.

Table 3. Net charges q(X) and electron spin populations SP(X) in the EE complex for DFT wavefunctions, evaluated using the CAS(10,10) QTAIM atomic

boundaries.

X

q(X) Dq(X) s(X) Ds(X)

UB3LYP UBLYP UB3LYP UBLYP UB3LYP UBLYP UB3LYP UBLYP

Cu 1.279 1.233 0.144 0.191 0.640 0.528 0.000 0.000

N1 21.331 21.309 20.252 20.308 0.069 0.078 0.000 0.000

N2 21.128 21.105 20.238 20.285 0.078 0.089 0.000 0.000

N3 20.177 20.164 0.050 0.058 0.065 0.090 0.000 20.001

N4 20.257 20.269 20.123 20.147 0.005 0.011 0.000 0.001

N5 20.324 20.300 0.028 0.028 0.042 0.066 0.000 0.000

Razide atoms 20.758 20.733 20.045 20.061 0.112 0.167 0.000 0.000

O1 21.221 21.190 20.147 20.184 0.067 0.084 0.000 0.001

Changes D[CAS(10,10) boundaries – DFT boundaries] for both q(X) and SP(X) values are also listed.
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As a global effect one expects that the lower electron popula-

tion on Cu in CAS(10,10) should involve a preferential decrease

of its b–electron over its a–electron population relative to DFT.

Vice versa, the increase of electron population on the ligands

atoms linked to Cu (N1, N2, N5, and O1) is accompanied by a

preferred increase of their b–electron over their a–electron pop-

ulations in CAS(10,10) relative to DFT. Data in Table 4 confirms

this reasoning, especially for the Cu atom population change. In

the case of the ligand atoms, the effect is less pronounced,

although in the expected direction, because of the mentioned

partly compensating effects close to the nuclei of the ligands.

Summarizing, the higher electron delocalization in DFT,

causing a decreased charge separation between the Cu and

the ligands, also implies an enhanced redistribution of the a-

spin excess on the Cu to the ligands. Such enhanced spin

delocalization in DFT has been previously discussed in the

literature.[30,31]

Spin density decomposition: total, magnetic, and relaxation

spin densities maps

Spin density contour maps and their magnetic and relaxation

components for the CAS(10,10) and DFT calculations, in the

least-squares plane of the CuAO and of the three shorter

CuAN bonds, are shown in Figure 4.

The unpaired electrons distribution in this plane of the EE

azido complex recalls what was found in our previous work

concerning the EO azido dicopper system.[11] The total SD (left

panels in Fig. 4) around the CuII cation displays a dx22y2 angu-

lar shape, where the four lobes point toward the atoms

Figure 3. CAS(10,10), UB3LYP, and UBLYP 2D contour plots of the spin density (top panels) and of the electron density (third row panels) in the least-

square plane of the CuAO and of the three shorter CuAN bonds. In the second and fourth row panels, [CAS(10,10) - DFT] and [DFT - DFT] difference elec-

tron and electron spin densities are shown. The position of the BCP of the CuAN5 bond, the short Cu-azide bond, is denoted by a dot and refers to the

portrayed density (row 1 and row 3). In the case of density differences, it refers to the CAS(10,10) wavefunction. Positive and negative contours are por-

trayed as solid red and dotted blue lines, respectively. Contour maps are drawn at interval of 6(2,4,8)�10–n, 0� n� 4 au. [Color figure can be viewed at

wileyonlinelibrary.com]
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forming the base of the square-pyramid (N1, N2, N5, and O1).

The fifth heteroatom bonded to the CuII cation resides outside

the plane, pointing to the dz2 orbital of the metal center. This

evidence is true for all the used theoretical approaches.

UB3LYP and UBLYP SD maps are qualitatively very similar. Both

predict, as already anticipated in the previous section, a nega-

tive SD region in the outermost part of the Cu basin and a

possible spin polarization mechanism between the magnetic

center and the ligands. This feature is not observed in the

CAS(10,10) SD, where no polarization occurs in the selected

plane. Comparison of the DFT and CAS innermost contour val-

ues on the ligand atoms, confirms that the former method

exaggerates spin delocalization (0.02/0.04 e and 0.004/0.008 e

for DFT functionals and CASSCF, respectively), as already

observed in Table 2. The magnetic and relaxation SD decom-

position enables us to clearly understand the differences

between the methods and to better interpret their results. The

CAS(10,10) and the DFT (both UB3LYP and UBLYP functionals)

magnetic contributions qualitatively agree one to each other.

As expected, the magnetic contributions are the dominant

ones in determining the total SDs, in particular the dx22y2

lobes around the Cu nucleus and the main part of the SDs

located on the ligands. The different spin delocalization ten-

dency discussed before for the total SDs is evident also for

their magnetic components. The relaxation contributions pre-

dicted by the two main approaches are instead completely

Figure 4. CAS(10,10) (first row), UB3LYP (second row), and UBLYP (third row) 2D contour plots of the total spin density (left) and of its magnetic (middle)

and relaxation (right) terms in the least-square plane of the CuAO and of the three shorter CuAN bonds. Color codes, isovalue contours, and plane

orientation are the same as in Figure 3. [Color figure can be viewed at wileyonlinelibrary.com]

Table 4. a and b populations (Na and Nb) in the EE complex for the CAS(10,10) and the DFT wavefunctions, along with their (CAS – DFT) changes DNa

and DNb.

X

UB3LYP UBLYP CAS(10,10)

Na Nb Na Nb Na Nb DNa (UB3LYP; UBLYP)[a] DNb (UB3LYP; UBLYP)[a]

Cu 14.25 13.61 14.24 13.71 14.18 13.36 20.07; 20.06 20.27; 20.35

N1 4.07 4.00 4.04 3.96 4.21 4.15 0.14; 0.17 0.15; 0.19

N2 3.98 3.91 3.95 3.87 4.12 4.10 0.14; 0.19 0.17; 0.23

N5 3.70 3.66 3.70 3.63 3.70 3.66 0.00; 0.00 0.00; 0.03

O1 4.57 4.50 4.54 4.46 4.68 4.66 0.11; 0.14 0.16; 0.20

[a] DNa (UB3LYP; UBLYP) and DNb (UB3LYP; UBLYP) are the populations changes (Nx,CAS(10,10) – Nx,UB3LYP; Nx,CAS(10,10) – Nx,UBLYP) with x 5 a and b,

respectively).
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different. DFT calculations display a positive, spherical shaped

SD centered on the Cu nucleus, surrounded by a negative SD

region. The latter is responsible for the presence of the negative

SD region between the CuII cation and the ligands. On the con-

trary, the CAS(10,10) method finds again a dx22y2 angular shape

of the relaxation SD, but of opposite sign and lower magnitude

relative to the magnetic term. This negative SD relaxation region

completely overlaps with that due to the magnetic component,

leading just to a decrease of the total SD but not to the onset of

a SD negative zone as for the DFT. Moreover, a clearly positive

“p–like” SD distribution is present on the azido N5 nitrogen, fac-

ing the dx22y2 SD negative region around the CuII cation.

The SD contours evaluated in the azido least-squares plane

are reported in Figures S3 of the Supporting Information. The

DFT functionals predict a spin polarization mechanism within

the azido moiety, with negative SD regions surrounding the

central N4 nucleus. These features of the SD distribution

closely resemble those previously found in the EO system.[11]

In particular, the EE N3 atom behaves like the EO terminal

nitrogen N3, which suggests that the Cu and N3 atoms hardly

share any significant spin information in the EE complex. The

main difference concerns the atoms N5 (EE) and N1 (EO),

because of their different coordination geometries: in the EO

system, the bridging N1 atom coordinates two CuII cations

and shows a SD distribution oriented along the bonds with

the metallic ions, while in the EE complex the N5 atom only

coordinates one CuII cation and has therefore a SD distribution

aligned along only this unique CuAN5 bond. CAS(10,10) calcu-

lation does not find any negative SD region around the N4

atom and predicts a spin delocalization mechanism across the

azido moiety, in contrast to the DFT results. As for the other

investigated least-square plane, the tendency to exaggerate

the delocalization of the unpaired electrons on the ligands by

the used exchange-correlation functionals is evident.

The Laplacian SD r2s maps for both discussed planes are

shown in Figures S4-S5 in the Supporting Information.

Dissecting atomic group contributions: source function

partial reconstructions of the spin densities

Source Function SD partial reconstructions enable us to have

an easy to grasp picture on the cause-effect relationship

between the basins SD sources and the resulting SD or SD

components. Figure 5 shows the reconstruction for the group

Figure 5. CAS(10,10), UB3LYP, and UBLYP contour plots of the SF reconstructed partial SD in the least-square plane of the CuAO and of the three shorter

CuAN bonds. {Cu,N,O,C} (left) denotes the atoms subset containing the two Cu, all N atoms, the two O and all the C, while in the {Cu,N,O} subset (right)

the contribution from the C atoms has been removed. Color codes, isovalue contours, and plane orientation are the same as in Figure 3. [Color figure can

be viewed at wileyonlinelibrary.com]
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subsets {Cu,N,O,C} and {Cu,N,O}, where the condensed nota-

tions {Cu}, {N}, {O}, and {C} indicate the subsets including the

two Cu atoms, the N atoms (both azido and L ligand N atoms),

the two O atoms and all the C atoms of the system,

respectively.

When the {Cu,N,O,C} subset is used, the primitive SD

(directly obtained from the wavefunction and reported in Fig.

4) and the reconstructed one (Fig. 5, first row) are almost

indistinguishable, except for small differences on the borders

due to numerical errors. This evidence is true for all the used

methods, in both considered planes, indicating that the cho-

sen atomic subset includes all the significant atoms for SD

reconstruction and that the performed reconstructions are

numerically trustable. When the contributions coming from

the C atoms are removed, a few remarkable differences with

respect to the primitive SD appear. In the square-pyramidal

base plane, the DFT Ss{Cu,N,O} partial reconstructions show

the most important changes. Indeed, the negative SD region

located between the outermost parts of the Cu basin and the

ligand heteroatoms disappears, due to the contraction of the

negative SD region in the relaxation term and of the magnetic

SD positive regions around the CuII cation. The magnetic and

relaxation SF partial reconstruction maps are shown in Figures

S6-S8 of the Supporting Information. CAS(10,10) SD reconstruc-

tion is less affected by the removal of the C atoms sources, even

if a limited contraction of the positive region around the Cu

nucleus is still present. A similar behavior is found in the N2
3

plane, where the negative region located on the central N is

reduced when the contribution of the C atoms is not taken into

account (see Supporting Information Figures S9-S11).

The source from the Cu atoms (Ss{Cu}) in the square-

pyramidal base plane (Fig. 6) closely resembles that found in

the EO complex.[11] It retrieves the dx22y2 shape of the primi-

tive SD and it is dominated by its magnetic contribution (Fig-

ures S6-S8 in the Supporting Information).

The Cu 1 Cu’ SD source obtained from the CAS(10,10) model

is higher in magnitude, close to the Cu nuclei, with respect to

the DFT, for both magnetic and relaxation contributions (Fig-

ures S7-S8 in the Supporting Information). The result complies

with the lower SD delocalization of the CAS wavefunction. In

this case, UBLYP {Cu} source results more contracted than for

UB3LYP. In addition, the source contributions from the four

coordinating atoms belonging to the pyramid square base (N5

from the azido moiety and N1, N2, and O1 from the L ligand)

are qualitatively similar to those found for the EO complex.[11]

The CAS(10,10) {N,O} subset contribution (Fig. 6) shows highly

Figure 6. CAS(10,10), UB3LYP, and UBLYP contour plots of the SF reconstructed partial SDs in the least-square plane of the CuAO and of the three shorter

CuAN bonds. {Cu} (left) denotes the subset containing the two Cu atoms, while {N,O} subset (right panels) includes the N and O atoms only. Color codes,

isovalue contours, and plane orientation are the same as in Figure 3. [Color figure can be viewed at wileyonlinelibrary.com]
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contracted positive regions around the nuclei, surrounded by

a diffuse negative region, while DFT functionals maps show a

more expanded positive region due to the exaggeration of a-

spin electron delocalization brought in by DFT methods, as

previously discussed. In particular, the UBLYP DFT functional

shows more expanded regions of SD sources than the UB3LYP

model, which predicts more contracted sources, both positive

and negative. These contrasting behaviors for the SF recon-

structed SD by the Cu and its linked atoms subsets, almost

cancel out when summed up, thus leading to very close

{Cu,N,O} SD reconstructed maps for the two functionals here

adopted. It is worth noting that the large regions of positive

SD around N5 and the other ligand atoms, present in the total

SD maps (Fig. 4), have different origins. In the case of

CAS(10,10) wavefunction, they are essentially due to the

source from the Cu atom, while for the DFT functionals they

mainly originate from their own sources.

In the azido N2
3 plane, CAS(10,10), and DFTs {NAz}, subset

sources show the same differences described above: (i) the

positive SD region located on N3 and N5 is highly contracted

in the CAS(10,10) case; (ii) UBLYP positive SD regions are more

expanded than the UB3LYP ones (see Supporting Information

Figures S12-S14).

The contour plots of the SF reconstruction in the azido N2
3

least-square plane due to the N atoms belonging to the bridg-

ing moiety are similar to those found for the EO complex (see

Supporting Information Figure S12-S14).[11] N5 (EE) behaves

similarly to N1 (EO). It produces strong positive SD contribu-

tions around its nucleus (again more contracted for the CAS

method than for the DFT functionals), directed toward the CuII

cation, while yielding a diffuse b effect spread in the whole

space. The N3 (EE) atom behaves instead as the terminal N3

(EO) atom, contributing with an a effect everywhere. N4 (EE)

contrasts such action of the N3 atom, yielding a b effect also

everywhere. Except for the N4 atom, the magnetic terms are

the prevailing contributions in the SF SD reconstruction. Con-

tour plots of these contributions, together with other not

mentioned here, are shown in the Figure S6-S14 of the

Supporting Information.

CuII 3d electrons asphericity: electron density Laplacian and

electron spin density signatures

In the EE system, the CuII cation is fivefold coordinated in an

almost square-pyramidal arrangement of ligands. According to

the crystal field theory, for a d9 configuration the dx22y2 is the

magnetic singly occupied orbital, as in the EO system. This

orbital is directed toward the apexes of the pyramid base, in

correspondence with the three external L ligand atoms (N1,

N2, and O1) and with the N5 atom of the azido moiety. The

apical ligand N3, linked to the Cu by the longer Cu-azide

bond, is directed along z (see Fig. 1) and interacts with the

almost doubly filled Cu dz2 orbital, rationalizing why this bond

is definitely longer than CuAN5. Based on this simple model

picture, one anticipates that the Laplacian of the ED will

exhibit a characteristic departure from spherical symmetry

around the metal cation.[32–35] Analogously to the EO sys-

tem,[11] the topological analysis of –r2q in the Valence Shell

Charge Concentration (VSCC19) and Valence Shell Charge

Depletion (VSCD19) regions of the Cu atoms finds (3,13) –r2q
minima, that is, charge depletions (CDs), all almost lying along

the Cu-ligand internuclear axes and (3,–3) –r2q maxima, that

is, charge concentrations (CCs), lying in between these CDs.

CDs locations are shown in Figure 7.

Due to the different nature of the CuII orbital involved in the

apical bond, the CDs along the Cu-ligands bonds of the base of

the pyramid are expected to be definitely more evident than

along the apical bond. Likewise, using the complementary view

offered by the SD distribution, large positive SD values are antici-

pated at the CDs relative to the bonds in the square-pyramidal

base and a small, if not negligible, SD value at the CD of the api-

cal bond. Data in Table 5 nicely confirm all these conjectures.

At the CuAN3 CD, r2q is less positive (13.65 au at the

CAS(10,10) level) than at the CuAN5 CD (19.10 au), meaning

that here the ED is less depleted. The SD value at the

CuAN3 CD is almost zero while for the CuAN5 CD point it

assumes a very large value (s 5 0.363 au at CAS(10,10) level,

0.282 and 0.226 au for UB3LYP and UBLYP models). A (3,11) |–r2q|

Ring (R, Table 5) critical point is also found along all Cu-ligand

axes and located at a distance from the Cu nucleus very close

Figure 7. CuII 3d electron asphericity for the end-end azido complex. Orbital energy order for a metal atom in a square-pyramidal arrangement of ligands

is reported on the left. The locations of the unique critical points of –r2q and q reported in Table 5 around the CuII cation are shown on the right. [Color

figure can be viewed at wileyonlinelibrary.com]
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(0.28–0.29 Å) to that of the CCs. This Ring CP region is also asso-

ciated to the dx22y2 orbital for the Cu-ligand bonds of the base

of the pyramid, while it is related to the almost doubly filled Cu

dz2 orbital for the apical bond. This motivates why the same dif-

ferences in the ED Laplacian and SD values between the short

and long CuANazide bonds can be also found looking at the –

r2q (3,11) critical points. The CuAN5 ring CP shows a –r2q
value which is more than twice as large in magnitude for the

CuAN3 bond and an extremely high SD value (s 5 0.913 au,

CAS(10,10) result), while that for CuAN3 is negligibly small

(0.001 au, CAS(10,10) result).

Although not reported in Table 5, corresponding values at

the selected CPs along CuAN1, CuAN2, and CuAO1 (see Sup-

porting Information Table S3) all resemble those found along

CuAN5 bond and not those along CuAN3 bond, as expected.

In all these points around the CuII cations, the magnetic contri-

butions are the dominating term, while the relaxation compo-

nents have lower significance. The CAS calculation always

shows important negative relaxation contribution to the CD

and Ring critical points along the bonds of the base of the

pyramid, higher in magnitude relative to the DFT results.

Although CASSCF and DFT methods qualitatively agree (except

for the relaxation SDs), they show large quantitative differ-

ences. Also UB3LYP and UBLYP quantitatively disagree within

each other, showing not only that exchange-correlation func-

tionals are not accurate enough but also that SD results strongly

depend on the exchange-correlation functional adopted.

Table 5 also reports data for the CuAN3 and CuAN5 BCPs.

UB3LYP BCP distances from Cu nucleus and the q and r2q val-

ues at BCPs compare well with those obtained by Deutsch

Figure 8. CAS(10,10), UB3LYP, and UBLYP SF percentage contributions to the spin density (magnetic and relaxation components in parentheses) at CuAN5

and CuAN3 charge depletion (CD) critical points. Green (red) atomic balls denote an a (b) effect on the spin density. The radii of the spheres are propor-

tional to the percentage contributions, with CuAN3 CD CAS(10,10) spheres volumes reduced by a factor 10 for a better graphical representation. [Color fig-

ure can be viewed at wileyonlinelibrary.com]

Table 5. Distances from the Cu nucleus, RCu, electron density Laplacian, r2q(r), spin density, s(r), and its magnetic and relaxation components, smag(r)

and srelax(r), evaluated at selected critical points (CPs) along the long, CuAN3, and the short, CuAN5, bonds of CuII cation with the azido moiety.

Bond CP[a] RCu(Å) r2q(r) s(r) smag(r) srelax(r)

Cu-N3 –r2q (3,13), CD 0.45 (0.45/0.45) 13.65 (14.14/14.26) 0.000 (0.003/0.006) 0.000 (0.001/0.003) 0.000 (0.002/(0.002)

–r2q (3,11), R 0.28 (0.28/0.28) 269.88 (–68.73/–68.06) 0.001 (0.013/0.022) 0.001 (0.003/0.013) 0.000 (0.011/0.009)

q, BCP 1.16 (1.18/1.19) 0.15 (0.14/0.14) 0.000 (0.000/0.000) 0.000 (0.000/0.000) 0.000 (0.000/0.000)

Cu-N5 –r2q (3,13), CD 0.43 (0.43/0.44) 19.10 (17.93/17.30) 0.363 (0.282/0.226) 0.404 (0.279/0.223) 20.041 (0.004/0.002)

–r2q (3,11), R 0.29 (0.29/0.29) 229.48 (–40.36/–46.59) 0.913 (0.770/0.637) 1.016 (0.753/0.625) 20.103 (0.016/0.012)

q, BCP 0.94 (0.97/0.98) 0.35 (0.26/0.24) 0.006 (0.001/0.001) 0.007 (0.003/0.001) 20.001 (–0.002/–0.001)

[a] CP legend: (3,13), CD: Charge Depletion; (3,11), R: Ring; BCP: bond critical point. Data from the CAS(10,10) wavefunction (UB3LYP/UBLYP results in

parentheses). If not otherwise stated, all the values are reported in atomic units.
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et al., using the spin-split multipolar model on X-ray and PND

data.[3] SD values from such data refinement are instead more

than halved relative to the CAS(10,10) model, which also pre-

dicts BCPs locations significantly closer to the metal. As

already discussed above and for the EO compound, these

BCPs shifts toward the Cu in the correlated wavefunction may

be related to the excessive a-spin delocalization and conse-

quent Cu-ligand bond covalency predicted by DFT functionals.

Whether this might be also a problem of joint X-ray and PND

data refinement, we are unable to judge.

SF percentage analysis at selected reference points

Spin, magnetic, and relaxation densities in the EE complex and

the way these densities are determined from their atomic

group sources, in the least-square planes of the CuAO and of

the three shorter CuAN bonds of the N-ligands around the Cu

atoms, has been discussed. The Cu atom 3d electron aspheric-

ity and its ED Laplacian and electron SD signatures have been

related and properties at a number of peculiar molecular

points have been analyzed. Two of these points, along with

the N3 and N5 nuclei locations, are now considered as conve-

nient RPs for a conventional SF SD analysis.

Atomic SF percentage contributions for SD reconstruction at

CDs critical points (Table 5) along the CuAN5 and CuAN3

bonds are reported in Figure 8. The choice of these two spe-

cific RPs was made because we have shown that they have

quite different SD properties. Analysis of SF spin density recon-

struction at these points could be very useful to get further

insight on the mechanism of spin communication between

the Cu atoms and the azido moieties.

SD at the CD CuAN5 is dominated by the source of the Cu

atom, whose contribution is close to 100%. For the DFT mod-

els, the magnetic component is responsible for almost the

totality of the SD (100.2% and 100.1% for UB3LYP and UBLYP,

respectively), while the relaxation contribution is only about

1%. In the case of CAS(10,10), the relaxation term is predicted

to give a 211.5% contribution, far greater than those pre-

dicted from DFT. It is also interesting to note that here the

relaxation term (–11.5%) partially counteracts the magnetic

contribution (113.1%), leading to a total Cu source of 101.9%,

comparable to that of the DFT models. In both UB3LYP and

UBLYP calculations, the behavior is opposite, as the relaxation

source cooperates with the magnetic one, increasing the total

Cu Ss%. The contributions coming from the other atoms are

always lower than 1%, in magnitude. In absolute values, they

are however not at all negligible being 1–2 order of magni-

tude larger than the SD value at the CD CuAN3. All the

adopted methods qualitatively agree in predicting the effect

of the ligand atoms. The L N1, N2, and O1 atoms contrast the

SD at the selected point, which denotes a b effect from these

basins. The short-bonded N5 and the central N4 atom of the

azido moiety also produce b effects, while the long-bonded

N3 and the remote Cu’ atom cause small a effects. These

results are similar to those found for the corresponding SF

spin density reconstruction at the CD along the Cu’AN1 bond

in the EE complex, reported in our previous work, and may be

Figure 9. CAS(10,10), UB3LYP, and UBLYP SF percentage contributions to the spin density (magnetic and relaxation components in parentheses) at N5 and

N3 nuclei. Green (red) atomic balls denote an a (b) effect on the spin density. The radii of the spheres are proportional to the percentage contributions.

[Color figure can be viewed at wileyonlinelibrary.com]
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similarly interpreted.[11] The absolute value of SF contributions

assesses the local importance of the spin back-delocalization

mechanism from the ligands to the paramagnetic center or, in

the case of Cu, the spin delocalization between the paramag-

netic centers themselves. Then, being the SD positive at the

RP, their positive (a effect) or negative (b effect) sign deter-

mines whether they concur or contrast the SD at this CD.

Interestingly, the remote Cu’ atom, at variance with the N5

atom, concurs to the SD at the CuAN5 CD, in agreement with

the two copper atoms being ferromagnetically coupled

through the magnetic density.

The Ss% evaluated at the CD RP along the longer CuAN3

bond reveal a completely different panorama. Here, the contri-

butions are very much delocalized and with large and oppos-

ing values, which sum up to an almost zero SD (see Table 5

and Fig. 8). As for the CuAN5 CD, the adopted methods pre-

dict a similar pattern of concurring or opposing sources to the

SD reconstruction, with absolute values from the ligand atoms

quite close (the only big difference comes from the Cu atoms)

to those found for the short-bond CD. However, percentage

sources greatly differ as the values of the SD at the chosen RP

are about 2–3 order of magnitude lower than at the

CuAN5 CD and also vary among the methods adopted

(0.0003 au for CAS(10,10), 0.0030 au for UB3LYP, and 0.0056 au

for UBLYP). Both magnetic and relaxation terms play an impor-

tant role in reconstructing the SD at this RP. UB3LYP absolute

and percentage sources are in this case found to be generally

greater than those of the UBLYP mode, despite the larger SD

value at the CuAN3 CD point for the latter. It also appears

that the communication between the atoms is favored for the

former functional.

Figure 9 shows the atomic percentage sources at the N5

and N3 nuclei. SD values at the N5 nucleus (0.024 au

CAS(10,10), 0.058 au UB3LYP, and 0.051 au UBLYP) are about

3–4 times smaller than for the bridging N1 atom in the EO

complex (0.076 and 0.221 au for CAS(6,6) and UB3LYP, respec-

tively).[11] This is clearly a sign of less efficient a-spin delocali-

zation in the EE relative to the EO complex, in agreement with

the much lower coupling constant in the former. In the EE

complex, the role of the N5 atom in the spin coupling mecha-

nism with the other Cu’ atom is mediated through N4’ and

N3’ and is therefore less efficient. The SD values at N3 nucleus

(0.0005, 0.0022, and 0.0019 au for CAS(10,10), UB3LYP, and

UBLYP, respectively) are similar to the terminal N3 nucleus in

the EO complex. The atomic source percentages at the N5

nucleus are qualitatively similar to those found at the N1

nucleus in the EO complex.[11] The main source is due to the

atom hosting the RP, which contributes with a percentage

ranging between 94% (CASSCF) and 100% (UBLYP). The major

contribution comes from the magnetic terms, but even relaxa-

tion components significantly influence the SD reconstruction.

The N5 relaxation source predicted by CAS(10,10) produces a

b effect, while both the DFT model sources yield an a effect.

The two Cu atoms and the long-bonded N3 and N3’ atoms

concur in increasing the SD at the N5 nucleus. As obvious

from the coordination geometry, the Ss% from the two Cu

atoms are different. These Cu sources strongly depend on the

level of theory. The CAS method predicts higher % contribu-

tions, but the ratio between the Cu and Cu’ sources remain

constantly equal to � 2.4 for all the methods used. CAS(10,10)

results emphasize the cooperative role of the two Cu atoms,

able to cause together 25.4% of the SD at the N5 nucleus,

compared to a value of only 3–5% for the two DFT models.

Either hybrid or pure DFT thus underestimate spin connection

and communication efficiency relative to the CASSCF method.

The central atom of the azido moiety (N4) and the other

ligand atoms (N1, N2, and O1) all produce negative sources,

decreasing the SD value at the N5 nucleus RP.

The negligible SD at the N3 nucleus is the result of compar-

atively large concurring or opposing sources from a large set

of atoms of the molecular complex. Both copper atoms and

the N3’ nucleus add their a effects to that given by N3, while

almost all the other atoms yield a contrasting b effect. Con-

trary to the case of SF reconstruction of SD at the N5 nucleus,

the different computational methods disagree on the defini-

tion of the dominant source. UB3LYP and UBLYP predict that

the major contribution to the SD reconstruction is due to the

N3 basins itself, while CAS(10,10) indicates the two Cu atoms

as the most important sources. This different behavior can be

once more explained in terms of the limits of the DFT

approach. On the one hand, it exaggerates a-spin delocaliza-

tion from the copper to the azido ligands, and on the other

hand, it underestimates the capability of the magnetic centers

to transmit their spin information on the neighboring non-

magnetic and magnetic centers.

Conclusions

In this work, we have presented new evidences on the ability

of the SF tool to highlight the spin information transmission

mechanisms in magnetic systems. The SF allows for decompos-

ing the SD at any point in the space as a sum of atomic con-

tributions within a cause-effect relationship. This peculiarity

results in an increased chemical interpretability of the SD dis-

tribution, disclosing how both magnetic and non-magnetic

centers cooperate or counteract in defining the SD features.

From a practical point of view, understanding the peculiar role

of an atom or a group of atoms has strong relevance in the

field of magnetic material crystal engineering. Unfortunately,

the interpretation of the SD is not as simple as for the ED,

because usually it is not immediately clear which set of atoms

are contributing to the SD in a given molecular or crystal

region and through which mechanism.

SF partial reconstruction of the SD enables one to obtain an

immediate visualization of the role played by a selected subset

of atoms in determining the SD in a molecular plane or in the

space. Such reconstructions also ease the choice of proper RPs

where to analyze the reconstruction of the SD through the

“classical” Ss% patterns. The decomposition of the SF contribu-

tions in terms of magnetic and relaxation components pro-

vides further chemical insight and neatly discloses the origin

of the SD distribution discrepancies when theoretical

approaches of increasing quality are used.
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In this work, we have used all these mentioned SF analyses

to discuss the SD distribution of an asymmetrical EE azido CuII

dinuclear complex and to detail analogies and differences with

the SD of a symmetric EO azido compound. In particular, we

have focused on the performance of different quantum

mechanical approaches in retrieving accurate SD, relative to

the SD obtained with CAS(10,10) model (the electron corre-

lated ab initio approach with the largest attainable active

space for our computational resources). We show that CAS(6,6)

level has not achieved a reasonable active space convergence

and that expansion to CAS(10,10) is required. CAS(6,6) method

tends to underestimate a-spin delocalization from the para-

magnetic centers toward the ligands relative to the CAS(10,10)

model. Instead, comparison of the CAS(10,10) results with

those from UDFT reveals that both hybrid UB3LYP and pure

UBLYP functionals exaggerate a-spin delocalization toward the

ligand atoms. DFT methods also predict large spin polarization

regions between the Cu atoms and the linked ligands atoms.

Formation of these regions is likely a consequence of the well

known excessive electron delocalization inherent to DFT, favor-

ing an increased covalency of the metal-ligand bonds, relative

to CAS. The polarization mechanism, whose sources extend up

to the C atoms of the L ligands, is missing in the CAS(10,10)

SD distribution. The decreased or the enhanced a-spin delocal-

ization to the ligands complies with a significantly different

spin population on the Cu atom which increases (decreases)

for CAS(6,6) (DFT) methods relative to CAS(10,10). Concerning

DFT approaches, discrepancy with respect to the CAS(10,10)

results is more evident for the pure UBLYP exchange-

correlation functional than for UB3LYP, contrary to what Bogus-

lawski et al. found for the FeII nitrosyl complex.[13] Experimen-

tal PND SPs are intermediate between the CAS(10,10) and the

UB3LYP ones, suggesting that the SD derived this way is rea-

sonably accurate despite the practical and technical limitations

of the PND experiment.

The Cu 3d electron distribution asphericities of the EE and of

the EO complexes present analogies for the short Cu-ligand

bonds, while the apical bond of the EE system behaves differently

involving the almost filled Cu dz2 orbital, rather than the lobes of

the formally singly occupied dx22y2 orbital. Such difference is

reflected in the SF percentage patterns at the charge density

depletions along the short and long bonds, the former being very

close to those of the CuANazide bond in the EO system and the lat-

ter being completely different. SF percentage analysis highlights

the different magnetic pathways between the Cu atom and the

two terminal N atoms of the azido group, confirming that Cu and

N3 hardly share spin information. These outcomes, together with

the long distance between the two paramagnetic centers, justify

the low efficacy of the coupling mechanism, which leads to a low

coupling constant J for the EE complex.

SF percentage analyses at the charge density depletions

along the short and the long CuANazide bonds, as well as those

at the N3 and N5 nuclei positions, confirm the limits of the DFT

approach. As found for the EO system, DFT exaggerates a-spin

delocalization from the copper to the azido ligands while

underestimates the capability of the magnetic centers to trans-

mit their spin information on the neighboring nonmagnetic and

magnetic centers, regardless of the hybrid or pure exchange-

correlation nature of the DFT functional.
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