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abstract

The charge density of the hydrated cupric acetate Cup(i-OOCCHg)4:2H20 has been studied experimentally at 100 K and by DFT calculations on the isolated molecule
using the Quantum Theory of Atoms In Molecules (QTAIMs). The bimetallic moiety is bridged by four equivalent acetate groups each other perpendicular and forming
penta-atomic rings. The QTAIM parameters of charge density, its Laplacian, potential and kinetic energy density, delocalization indexes, static deformation density have
been used to describe all intra- and intermolecular interactions. The topological analysis of the charge density maps shows the expected bond critical points with the
corresponding bond paths, Cu—Cu bonding included. The data obtained using the different parameters and functions are consistent for all types of interatomic
interactions, i.e. covalent, dative and intermetallic. The unpaired electrons responsible of the magnetic properties of d9 Cu(ll) ions occupy the orbitals pointing towards
the acetate groups. The valence shell orbital populations of Cu(ll) are consistent with the distortion of the octahedral coordination due to the Jahn-Teller effect.
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1. Introduction

The transition metal-metal interaction in several bi- [1], tri- [2] and
tetra-metallic complexes [3] has been the subject of several
experimental and theoretical charge density studies [4]. In some of
these compounds, the metal atoms are bridged by ligands and are part
of triatomic rings. Only a few experimental charge density studies have
been made on compounds where the metal-metal interaction is part of
a wider ring, e.g. a penta-atomic ring. For example the Crp(u-
OOCCH3)4_2H20 compound has aroused inter-est owing to the
abnormally short Cr—Cr bond and the topological properties of its
charge density distribution have been studied using the deformation
map approach [5]. A deep theoretical anal-ysis has been as well
performed on dimers of Ma(formamidinate)4 type with M = Nb, Mo, Tc,
Ru and Pd [6,7], and on Cug(p-OOCCH3)4_2H20 [8].

The opportunity to obtain accurate charge density maps, start-ing
from low temperature X-ray diffraction data and using multi-polar
refinement [9], has allowed to apply the Quantum Theory of Atoms In
Molecules (QTAIM) [10] to a great nhumber of com-pounds in order to
derive topological properties [11]. The QTAIM correlates the bonding
properties with the topology of the charge density, p(r), and of its

Laplacian, Vzp(r), obtainable by the sum

of the three eigenvalues A1, A2 and i3 gf the density Hessian matrix.
The topological features of p(r) and V' p(r) are determined by their
critical points (CPs), i.e. points where the first derivative of p(r)
vanishes. In a system in a stationary state and in a stable electro-static
equilibrium (no net forces acting on the nuclei), interatomic interactions
are defined by the presence of a bond path (a line of maximum
density) and of a bond (3, -1) CP (BCP) along it. The inter-atomic
bonds are clasgified on the basis of the sign and magnitude of Vzp(r)
atzthe BCP (V pecp). Closed-shell interactions are characterized by
V- pecp > 0, that is by local depletionzof charge density at the BCP,
while shared-shell interactions have V pgcp < 0, that is local charge
concentration at the BCP [10]. Further informa-tion can be obtained
from the energy density values at BCPs, that is, the kinetic energy
density, Ggcp, the potential energy density, Vgcp, and the total
energy density, Hgcp = Gpcp + VBcp, Which can be estimated from
the experimental density, its gradient and Laplacian [12].

Even if a bond path is not to be understood as representing a
chemical bond in its more restricted meaning [13], the first papers,
where QTAIM has been applied to X-ray experimental data of metal
complexes, have invoked the presence of a bond path and of a (3, -1)
BCP as a probe of the existence of a metal-metal link [1a,b,f,g,3b].

In spite of the small number of charge density studies of structures
containing metal-metal bondings, in the past [2a] a tentative
classification was made using the values of p(r), V p(r), and the derived
values of kinetic, potential and total en-ergy densities at BCP. These data
were also compared with the



theoretical ones obtained for pure metals, in order to better understand
the features of this non conventional bond [2a]. This attempt of
classification was concluded with the statement that the intermetallic
bond has ‘its own topological features’ [2a], and cannot be described
by any pre-existent classification [1f,g]. In the meantime it has become
clear that other properties and indi-cators must be taken into account
to understand this ‘atypical bond’ [7], e.g. Delocalization Index values
[14] and Source Func-tion analysis. In this paper, we report the results
of a charge density study on hydrated copper acetate, Cup(u-
OOCCH3)4_2H20, the prototype of the wide family of dimeric
copper(ll) carboxyl-ates that in past have attracted considerable
attention for their magnetic properties [15]. In the present context,
hydrated cop-per acetate, a complex similar to the chromium acetate
and to Mp(formamidinate)y, represents a further example useful in the
characterization of metal-metal bondings.

As it has been known since 1915, this compound has a much lower
molar susceptibility at room temperature than usually ob-served for
copper salts [16]. This abnormally low susceptibility was then
confirmed by all subsequent investigations [17-21]. After some not
conclusive discussions about the behavior of the suscep-tibility
according to the Curie-Weiss law, the study of paramag-netic
resonance absorption of powdered and single crystals samples of
hydrated cupric acetate [22-25] allowed to suggest that the
susceptibility curves could be explained by hypothesizing a crystalline
structure where isolated pairs of copper atoms interact strongly
through exchange forces. According to this, the abnor-mally low
susceptibility has been attributed to the coupling be-tween unpaired
electrons on adjacent copper atoms in singlet ground state and in the
excited triplet state. The latter is responsi-ble for the paramagnetic
properties observed at high temperatures. Later on it was determined
that the single crystals reach a maxi-mum of susceptibility at nearly
255 K [26] and at 90 K a state of triplet is determined from the
paramagnetic resonance spectrum [22].

Single crystal X-ray structure determinations [27,28] showed the
dimeric  structure of the compound with formula Cup(u-
CH3C00)4_2H20 [29], in which two copper atoms are bridged by four
acetate groups and two water molecules occupy terminal positions on
each Cu atom. The anomalous magnetic behavior of
the cupric acetate was then ascribed to the dimeric structure of

the compound, in which the copper—copper distance (2.64 A) is
only slightly greater than the same distance in metallic copper
0

(2.56 A), allowing a metal-metal interaction through exchange forces
[30]. Theoretical models, based on both the MO and VB approaches,
have led to the conclusion that any direct interaction is precluded
between the two copper atoms [18-20,31-33]. A subsequent
molecular orbital analysis [34,35] has concluded that “it is evident that
the unpaired electron on each Cu occupies a x -y -like orbital oriented
toward the four O atoms in the very nearly square-planar environment
about the metal”. Also estimations of exchange coupling constant, J,
between copper atoms have been performed, using different
theoretical approaches [36].

The focus of the present paper is the confirmation/rejection of the
previous statements and in particular the existence of a copper—
copper interaction and the comparison with data in other metal-metal
bonds obtained in quite different complexes, for example complexes
with neutral ligands (e.g. CO) instead of ionic ligands as acetate. For
this purpose we have used low-temperature X-ray diffraction studies,
combined with the results of quantum-chemical calculations. The
experimental and theoretical electron density maps thus obtained have
been analyzed within the QTAIM [10]. The Delocalisation Indexes for
the interatomic interactions, the atomic charges, the d-orbitals
population of Cu(ll) ion and the static deformation density around
Cu(ll) are reported.

2. Experimental
2.1. Data collection

Blue-green prismatic crystals of copper acetate monohydrated
(Fluka) have been crystallized from water solution and two crystals of
different dimensions suitable for X-ray diffraction were selected. Both
data sets have been collected at 100 K, with graphite-mono-
chromatized Mo Ka radiation (1 = 0.71073 A), with w-scan method (A®
= 1.0L) on an Gemini R Ultra diffractometerl equipped with low

temperature device (N2 stream).
Numerical absorption correction has been applied, separately
on the two datasets, with faces accurately determined

(uw=3.17 mm‘l) and the data have been truncated at sin(0)/
A = 1.08 (Omax = 50L). The two data sets have been then merged
using XPREP [37] and the final number of independent reflections is
5251 (merged data Rjnt = 0.547). h, k, | limits: -28 <h <28, -18 < k <
18, -29 <1 < 29. Software used: crysaLispro [38] (collec-tion, integration
and absorption), sHewxtL [37] (structure solution, conventional
refinement and molecular graphics).

Details about crystal data and data collection of the two data sets
are reported in Table 1.

2.2. Multipolar refinement

Starting from the atomic parameters obtained from the conven-
tional refinement, a multipole refinement has been performed
according to the Hansen & Coppens formalism [39] as imple-mented in
the XD2006 program suite [40].

Each pseudoatom has been assigned a core and spherical-va-
lence scattering factor constructed from the STO atomic relativistic
wavefunctions obtained at PBE/QZ4P level of theory for neutral atoms
in the ground state configuration [41]. The single-{ exponents have
been obtained from Clementi and Roetti single-£ functions [42].
Analytical spherical scattering factors are from International Tables for
X-ray Crystallography [43].

The quantity minimized in the least-squares procedures was
2 W(IFof - KIFc)Z and only the 4029 reflections with F> > 30(F2) and
weights w = 1/c (F") were included in the multipolar refine-ment. The
multipole expansion was truncated at the hexadecapole level for Cu, C
and O atoms; for H atoms only one monopole and the dipoles in the
bond direction have been refined. The valence densities of chemically
equivalent atoms were constrained to be the same (the oxygen and
carbon atoms of the acetate groups, the hydrogen atoms of the methyl
groups and of the water mole-cule). For all atoms the neutral
configuration has been used and electroneutrality constraints on the
asymmetric unit have been ap-plied. The hydrogen atoms were refined
riding to the bonded atom, with distances constrained to neutron
values (1.09 A for CH and 0.983 A for OH) and U(H) = 1.5 _ Ugg(C) or
1.2 _Ueq(0).

The radial fit of the spherical valence density and of the defor-
mation valence density have been optimized by refinement of their
expansion—contraction parameters k and K’ respectively. One j and
onej0 value has been refined for each Cu, O and C atom type. For the

hydrogen atoms the values of j and j0 have been fixed to the standard
1.2 value. Due to the great correlation of the expan-sion—contraction
parameters with the thermal displacement parameters, the refinement
has been performed in separate blocks. To test the effect of the
anharmonicity in the thermal motion, third- and fourth-order Gram—
Charlier coefficients have been introduced in the least squares
procedures. Introduction of anhar-monic parameters led to no
significant improvement in the multi-pole analyses, so they were
excluded from the final model.

! Agilent Technologies UK Ltd., Oxford, UK.



Table 1
Some crystal data and collection parameters for the two data sets.

Set |

Set Il

Compound Formula My
Crystal system, space group
Unit cell parameters (A, °)

Unit cell volume (Az)

A

Pcalc (9 ij)

F(000)

Radiation type

Data collection method
0 range (°)

Range of h, k, |

Temperature (K)
Crystal size (mm)
ebs’olrption correction
min  max
No. of measured, independent and observed reflections
Criterign for observed reflection
Rint ,Re °®
Multipolar refinement results on merged data
Refinement on
No. of reflections
No. of parameters
H-atom treatment
Weighting stjéheme
R(F"), wR(F"), S
Shift/e.s.d.

3
Apmax, Apmin (€ A7)

Cg Hip Cuz O10 399.29
monoclinic, C2/c

a =13.0834(1)

b =8.5028(1)

¢ =13.7315(1)

B =116.865(1)
1362.70(1)

4

1.946

808.0

Mo Ka

®-scan

3-67.07
-33<h<33
-19<k<19
31<1<35

100(2)

0.1081 x 0.0954 x 0.0701
Gaussian

0.789, 0.846
105180, 5169, 4287
Fo > 4o(Fo)

0.0472, 0.0456

2

5251

225

Mixed of independent and constrained refinement

w = 1/6°(Fo)
0.0197, 0.0173, 1.147
<0.001

0.40, -0.41

Cg Hi1p Cuz O10 399.29
monoclinic, C2/c

a =13.0830(2)

b =8.5017(1)

¢ =13.7330(2)

B =116.857(2)
1362.73(1)

4

1.946

808.0

Mo Ka

m-scan

3-67.10
-33<h<34
21<k<21
-35<1<36

100(2)

0.1595 x 0.1076 x 0.0511
Gaussian
0.711,0.888
33122, 3415, 2970
Fo > 4c(Fo)
0.0575, 0.666

2_2 2
a Rint = [E(|Fo -Fo  (mean)[)/=Fo".

» Ro = [EO(Fo /ZFo”

The Hirshfeld [44] rigid-bond criterion is fulfilled by the C—C and C—
O bonds (mean A-msda = 0.6 _ 10’3), instead the Cu—O bonds slightly
exceed the criterion (mean A-msda=1.8_107).

All parameters of the final multipole model are collected in the CIF
file of the Supplementary material.

2.3. Computational details

Calculations have been carried out at the ROB3LYP/6—311++G//
level of theory on the dimeric structure of monohydrated copper
acetate, Cup(CH3COO0)4_2H0, in the gas phase, using the caussian
09 code [45]. Topological analysis of electron density distribution by
QTAIM has been performed with the ampac program [46].

Calculations have been performed on the experimental geometry at
100 K at the triplet state (state determined from the para-magnetic
resonance spectrum at that temperature) [22]. The use of the
experimental, fixed geometry instead of the optimized, equilibrium one,
was dictated by the fact that geometry optimization of the complex in
the gas phase, at the same level of theory, led to non negligible
discrepancies with the experimental geometry in the Cu(1)-O(3) (A =
0.065 A), Cu(1)-0(4) (A= 0.047 A) and Cu(1)- O(5) (A = 0.162 A)
distances. Such discrepancies are to be clearly ascribed to strong
intermolecular interactions detected in the crystal structure, involving
atoms O(3), O(4) and O(5) (see Section 3). The use of the
experimental geometry allowed to recover a good agreement of the
computed BCP topological properties with the experimental ones also
for that bonds connecting atoms which are involved in strong
intermolecular interactions, making reliable the results obtained with
calculations on the isolated molecule. It is also to be pointed out that,
on the other hand, the optimized RO-B3LYP/6-311++G//intramolecular
Cu—Cu distance, 2.5983 A, well

reproduced the experimental value, 2.6107(4) A, suggesting no sig-
nificant influence of the crystal environment on the metal-metal
interaction, which is the main focus of the present work.

Fig. 1. orep plot of Cuz(CH3COO)4'2H20 with thermal parameters at 50% of
probability. Atoms with label A are related to the corresponding ones by the
crystallographic inversion centre.



Table 2

Critical points properties from multipolar analysis at 100 K (first line) and from DFT/B3LYP single point calculations on the experimental geometry (second line).

Bond length (A) pBCP (€ A’3) v¥cp (e A’s) Ggcp (hartree A’3) Vecp (hartree A’3) Hpcp (hartree A’3) n1l/r3
Bond critical points
Cu(l)-Cu(1A) 2.6107(4) 0.182(1) 1.68(1) 0.12 013 0.01 0.16
0.199 1.58 0.16 _0.21 _0.05 0.22
Cu(1)-0(1) 1.9831(5) 0.512(4) 9.06(1) 0.69 0.74 005 0.17
0.548 10.92 0.82 0.87 0.05 0.17
Cu(1)-0(2) 1.9900(6) 0.521(1) 9.22(1) 0.70 0.76 0.06 0.18
0.535 10.62 0.79 _0.84 _0.05 0.16
Cu(1)-0(3) 1.9536(6) 0.558(1) 9.86(1) 0.76 0.84 0.08 0.18
0.584 12.06 0.90 _0.96 _0.06 0.16
Cu(1)-0(4) 1.9411(6) 0.595(1) 10.47(1) 0.83 0.92 0.09 0.18
0.604 12.64 0.95 101 "0.06 0.17
Cu(1)-0(5) 2.1474(9) 0.378(6) 6.07(1) 0.44 0.46 0.02 0.19
0.349 6.08 0.46 _0.49 _0.03 0.17
o(1)-c(1) 1.2681(8) 2.55(3) 27.6(2) 25 7.0 47 1.44
2.45 99 3.2 71 39 0.67
0(2)-c(1) 1.2685(8) 2.62(3) 28.8(1) 2.7 73 46 1.42
2.44 99 3.2 71 39 0.67
0(3)-C(3) 1.2733(9) 2.54(1) T27.3(1) 25 6.9 44 1.40
2.42 104 3.1 6.9 3.8 0.68
0(4)-C(3) 1.2607(9) 2.74(1) 34.6(1) 1.4 36 22 1.64
2.48 8.9 3.4 7.3 40 0.64
Cc(1)-C(2) 1.5057(9) 1.81(2) _13.5(7) 15 40 25 1.08
1.75 155 0.4 1.9 15 1.42
C(3)-C(4) 1.506(1) 1.69(1) 10.7(1) 14 36 2.2 0.99
1.75 156 0.4 19 15 1.42
C(2)-H(2A) 1.09 1.64(3) "11.84(8) 1.3 34 21 0.87
1.85 22,0 0.3 21 18 1.42
C(2)-H(2B) 1.09 1.51(2) 10.18(7) 11 3.0 19 0.88
1.85 219 03 21 18 1.42
C(2)-H(2C) 1.09 1.66(2) _13.66(7) 1.2 34 22 0.95
1.87 225 03 21 18 1.41
C(4)-H(4A) 1.09 1.66(1) 13.66(1) 1.2 34 22 0.95
1.87 224 0.3 21 18 1.41
C(4)-H(4B) 1.09 1.64(1) 11.84(1) 13 34 21 0.87
1.85 221 03 21 18 1.42
C(4)-H(4C) 1.09 1.63(1) 13.38(1) 1.2 33 21 0.93
1.84 218 03 21 18 1.41
O(5)-H(5A) 0.983 2.13(3) 27.5(2) 16 5.0 34 0.91
231 55.0 0.4 47 43 1.74
0(5)-H(5B) 0.983 2.15(2) 28.7(7) 15 51 36 0.93
. . . 2.32 _55.0 0.4 4.8 43 1.75
Ring critical points
Cu(1)-O(1)~C(1)-O(2)-Cu(1A) 0.119(1) 1.1(1)
0.104 1.2
Cu(1)-0(3)-C(3)-O(4)-Cu(1A) 0.124(1) 1.1(1)
0.107 1.3

3. Results and discussion
3.1. Molecular structure

The Cup(pn-OOCCH3)4-2H20 salt can be considered as a coordina-
tion compound and its molecule lies on a crystallographic inver-sion
centre and is formed by two Cu(ll) atoms bridged by four acetate
moieties; each Cu atom links also to a water molecule (Fig. 1). The
coordination around Cu atoms forms a distorted octa-hedral geometry
due to the well-known Jahn-Teller effect for d™ transition metals.

3.2. Topological analysis of experimental and theoretical charge
density distribution

In Table 2 the (3, -1) BCP and (3,+1) ring critical points (RCP) of
charge density are listed, as obtained from experiment and from
ROBSLYP/6-311++G/ single point calculations on the experimental
geometry at 100 K, together with the energy density values at the
BCPs. In particular, the experimental Ggcp values are estimated
through an approximate formula from the experimental Laplacian

[12] and the Vgcp values are calculated from the Local Virial Theo-
rem using the approximated Ggcp. Such estimated energy densities
are known to be more reliable for closed-shell interactions (V pgcp >
0) than for shared interactions (VzpBCp <0).

A good agreement is observed between the results of the two
analyses, with the only expected exception of the VzpBCp values of
the CO bonds, owing to the well known fact that, for polar bonds, the
BCP is usually placed in a region where the parallel curvature (A3)
changes considerably, making plausible even large differences
between experimental and theoretical Laplacian values [47]. All BCPs
are characterized by pgcp and VzpBCp values in keeping with shared
(C-O and C—H bonds) and closed shell (Cu—-O and Cu-Cu bonds)
behavior, according to the classical classification of QTAIM [10] (Fig.
2).

Both experimental and theoretical analyses agree about the
presence of a Cu—Cu bond path (see Table 2 and Fig. 2a), whose fea-
tures at the BCP are similar to those observed in other metal-metal
bonding found in metal complexes [1-3]: low charge density, po-sitive
Laplacian, Hgcp negative and close to zero, and ratio [V|/G be-tween
1 and 2 (1.1 from experiment and 1.3 from theory).

Fig. 2b shows the flatness of the zone corresponding to the metal—
metal interaction, characterized by a low population in
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the valence basin, as observed in other binuclear complexes with tures |A1|/A3, reported in Table 1, provides information for a classi-
metal-metal bonding [11,48]. Also the ratio of the principal curva- fication of chemical bonding [49]. A curvature ratio <<1 is typical



Table 3

Geometrical and topological parameters of the stronger hydrogen bonds in hydrated cupric acetate (atoms H(5AB) and H(5BC) correspond to the water molecules symmetry related:

1-x, 2.5-y, 1-z, and -x, y, 0.5-z, respectively).

Bond length (A) Bond path length (A) Angle A ---H-D (°) Distance A ---D (A) ple A v A )
O(1)---H(5AB) 1.9128 1.9840 168.41 2.883 0.08(1) 2.568(9)
0O(2)---H(5BC) 1.7991 1.8066 178.54 2.782 0.11(1) 3.972(1)
Table 4 The Cu(1)-0O(1)-0(2)-Ow(5C)-H(5CB) and Ow/(5B)-H(5BA)

X-ray derived, gexp, and theoretical, gtheo, integrated net charges of hydrated cupric
acetate as obtained by QTAIM partitioning.

atoms lie in a plane with a mean deviation of 0.0428 A. The bond
paths and the corresponding BCPs associated to these hydrogen

bonds and the Laplacian map are shown in Fig. 3 and in Table 3

Jexp (€) Qtheo (€)
Cu(1) 0.41 1.20
Oo(1 -0.99 -1.14
0(2) 0.91 -1.16
0(3) -0.98 -1.15
0o®4) -0.95 -1.14
O(5) -1.17 -0.91
C(1) 1.29 1.55
C(2) -0.36 0.03
C@3) 1.31 1.56
C(4) -0.35 0.03
H(2A) 0.26 0.03
H(2B) 0.23 0.03
H(2C) 0.23 0.03
H(4A) 0.23 0.03
H(4B) 0.26 0.03
H(4C) 0.22 0.03
H(5A) 0.63 0.48
H(5B) 0.62 0.48
Acetate C(1)C(2)0(1)O(2)group -0.25 -0.72
Acetate C(3)C(4)O(3)O(4)group -0.26 -0.70
Water molecule O(5)H(5A)H(5B) 0.08 0.05

the geometrical properties and the topological parameters are re-
ported. According to a hydrogen bond classification based on geo-
metrical parameters[50] (D—H--A angle, D--*A and H---A distances)

their features correspond to strong hydrogen bonds, in agreement

with the relatively high pBCP (0.11-0.15 e A”®). Other (3, -1) CPs
associated to O---H interactions have been found, they have how-
ever low ppcp and therefore they have been omitted from Table 3.

3.3. Atomic charges

QTAIM theory affords also criteria for a partitioning of molecu-

lar systems into atomic subsystems, constituted by the combina-

tion of a nuclear attractor (nucleus) and a corresponding atomic

basin, Q: the latter is defined by interatomic surfaces that satisfy

the zero flux condition of the gradient vector field of charge den-

sity. The integration of p(r) over the atomic basins gives the atomic
charges: q(Q) =Z  -N(Q), where Z is the atomic number and

N(Q) = ]Qp(r)dr. The atomic charges for the investigated structure,

Table 5
Experimental and ROB3LYP/6-311++G” theoretical copper atomic d-orbital popula-
tions (%).

as obtained by QTAIM partitioning of both experimental and com-

puted charge density distributions, are reported in Table 4. In both
cases, the values obtained for the copper atom and the acetate ions

were lower than the formal charges of Cu2+(CH3COO’)2, though a

2

significant charge transfer occurs in the correct direction from ace-
tate moieties to copper ions. On the other hand, as expected, water

d dxz dyz dxl-y? dxy
Experiment 21.4 20.4 21.2 15.5 21.4
Theory 21.2 215 215 14.6 211

molecule remains almost neutral, underlining the weakness of the
Cu-Ow interaction with respect the Cu—Oac ones. By looking at the

for closed-shell interactions, such as Cu—Cu and Cu—O in copper
acetate, while a |A1]/A3 > 1 has been found for shared interactions.
For the latter this value increases with bond strength: in fact the
ratio for C—O acetate bonds, almost double bonds, is greater than
for C—H bonds.

The presence of the Cu—Cu bond path in hydrated cupric acetate
is unexpected, considering that the Cu—Cu bond is bridged by even
four ligands. There are in fact some cases where no intermetallic
bond path was detected, though only one atom bridges the me-
tal-metal bond forming a triatomic ring [1c,d,2c,11b].

About the other interactions, in the hydrated cupric acetate

there are three types of Cu—O bonds, two involving the acetate oxy-

gen atoms, Cu(1)-0(3,4) and Cu(1)-0O(1,2), and one involving the
water oxygen atoms Cu(1)-Ow(5). The four equatorial Cu(1)-

0(1,2,3,4) bonds show similar pgcp  (0.51-0.59 DeDA_3), while the

longer Cu(1)-Ow(5) has a lower pgcp (0.38 e A’d). The Cu(1)-
0(1,2) bond distances are longer than the Cu(1)-0(3,4) bond
lengths, because O(1) and O(2) atoms are involved in hydrogen
bonds with water molecules of symmetry related molecules (see

Fig. 3 and Table 3). The values of pgcp correlate with the Cu-O dis-
tances also in this basal plane. The slightly negative Hgcp all Cu—O
interactions can correspond to a very small covalent character in
addition to the main ionic features. In spite of the small negative
Hpcp, the Cu-O interactions, with positive Laplacian, |V|/G > 1, and

|k1|/kz _ 1, belong clearly to the transit closed shell type [1i].

individual values of atomic charges, experiment and theory in
general do not agree very well. Quite similar discrepancies were
however observed by Farrugia et al. in their charge density study
of 3-amino-propanolato Cu(ll) binuclear complexes [51]; these
discrepancies were ascribed to some degree of ambiguity in the
experimental charges of transition metals.

3.4. d-Orbital populations

d-Orbital populations have been obtained from X-ray data

through the method of Coppens et al. [52] They are listed in Table 5
together with the theoretical values, as obtained from NBO analy-
sis [563] on the ROB3LYP/6-311++G wavefunction. Interestingly,
experimental and theoretical values, obtained through completely

different approaches, show the same trend. The x and y directions
point towards the acetate ligands, while the elongated Cu(1)—

Cu(1A) and Cu(1)-0O(5) bonds lie along the z direction. In a regular

elongated octahedral environment the percentage of population
must be 11.1% in the dy. .y and 22.2% in the other four d orbitals.
In copper acetate the populations agree well with the expected
splitting of the orbitals for a d9 configuration and show that only
the dy. - orbital, towards the acetate ligands, is not fully occupied
due to the strong Jahn—Teller effect and therefore corresponds to
the magnetic orbital [8]. The high population of dy. . with respect
to a regular distorted octahedron is also the result of the ¢ and &
donation toward and from Cu atom, according to the Dewar—

Chatt-Duncanson  metal-ligand  model. Owing tothe charges
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Fig. 4. Deformation density map in Cu(1)-O(1)-C(1) plane. Contours are at 0.1 e A’3. Blue broken lines are negative value, red positive and black is 0 value. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

reported above it can be concluded that the r donation is greater than
the  Cu withdrawing.

3.5. Electron deformation density

Fig. 4 shows the static deformation density defined as the differ-
ence between the model (pmui(r), from multipole model) and a
reference (puw(r), from the Independent Atom Model, IAM) elec-tron
densities: AQ = pmult-Pmv Fig. 4 clearly shows the charge distribution
in the plane containing the Cu atoms and two acetate bridges.

The acetate O atoms O(1) and O(2) exhibit positive deformation
densities directed toward the Cu atom, owing to the polarization of the
O valence electron shell under the Cu—O coordination interac-tions.
Such deformation is related to a formal sp™ configuration of oxygen
atoms. The same behavior is shown by O(3), O(4) in the plane
containing the perpendicular acetate. Correspondingly, a large
electron density depletion in the copper electron valence shell (VS)
shows up in the Cu-0O(1,2,3,4) directions. Maxima of the VS can be
evidenced by, (3, -3) critical points of V™ p(r); they are at a distance of
0.28 AA av. as in other similar compounds [51,54] and disposed
among the ligands, while charge depletions, (3,+1) CPs V' p(r), are
located along the direction of the four ace-tate oxygen atoms at the
same distance. The absence of a charge depletion in Cu valence shell
in the direction of the weaker Cu— Cu and Cu—Ow interactions is due
to the great deformation of the Op versus a tetragonal bipyramidal
geometry.

3.6. Delocalization index

Another instrument useful to characterize chemical bonding in
molecules is the delocalization index, 5(A,B) = 4 [Q(A)drl

jo(B)dr2p(r1,r2)-2N(A)N(B), where p(ry,r2) is the two-particle

density for electrons of parallel spin [55]. 8(A,B) provides a quanti-
tative measure of the sharing or the exchanging of electrons be-tween
two atoms A and B, and can be interpreted as a measure of the extent
to which the electrons in A are delocalized onto atom B and vice versa.
8(A,B) is not restricted to atoms sharing a com-mon interatomic
surface, so that it may be computed for any pair of atoms; therefore it
is an indicator able to depict the “electronic communication” between
atoms, regardless of whether there is or not a formal bond between
them [11b]. It cannot be related to bond order, but at the Hartree—Fock
level, and for equally shared electron pairs, 8(A,B) is simply the
number of pairs of shared elec-trons. In Table 6 the delocalization
indexes computed on the RO—B3LYP/6—311++G// wavefunction for all
inter-atomic interactions found in the title compound are reported. For
all C-C and C-H bonds of acetate moieties we have found &(C,C) and
8(C,H) close to one, as typical for such covalent single bonds; on the
other hand, for all C-O and O-H bonds the delocalization indices were
smaller than those predicted by their bond order, indicating a lower
shar-ing of electrons for such polar bonds. The delocalization indexes

Table 6
Delocalization Indexes (A,B) for copper acetate mono-
hydrate, calculated at ROBBLYP/6-311++G// level of

theory.
Atom pairs, A-B 3(A,B)
Cu-Cu 0.129
(Cu-Oac)av 0.373
Cu-Ow 0.248
(C-O)av 1.089
(C-C)av 0.928
(C-H)av 0.953
(O-H)av 0.675




obtained for metal-ligand bonds are quite typical for these kinds of
interactions [3a,4,2c,11b,51], with average values §(Cu,0Oac) = 0.373
and 3(Cu,0Ow) = 0.248, significantly lower than those of the strong
covalent C-C and C-O bonds. The value of the delocalization index
found for Cu-Cu bonding (8(Cu,Cu) = 0.129) is significant, also
compared with the value found in other similar compounds in which no
bond path has been found between copper atoms (see Ref. [51]). This
small value obtained for the Cu—Cu bond in copper acetate, if
compared with those of the other types of bonds (Cu-O, C-C, C-0,
C-H), should indicate a rather small electron delocalization in the
internuclear metallic region (high Pauli repulsion).

4. Conclusions

We have reported the charge distribution of the antiferromag-netic
copper acetate Cup(u-OOCCH3)4-2H20 obtained from high resolution
single crystal X-ray diffraction data using a multipolar refinement of
experimental data and from theoretical calculations. We have analysed
the intra- and inter-molecular interactions using different parameters,
e.g. the delocalisation indexes for the inter-atomic interactions and the
static deformation density around Cu(ll). The atomic charges of all
atoms and the orbital populations of Cu(ll) ion have been obtained.
Our interest has been focused mainly on the characterization of the
Cu-0O and Cu—Cu interac-tions. The Cu-O interaction is mainly driven
by ionic contributions and a prevailing I charge transfer from acetate to
Cu atom can be deduced. The calculated d-orbital populations agree
with the pres-ence of the unpaired electron on copper dy.y. atomic
orbital: from this result, as already pointed out by other authors for
similar com-pounds [51,54], it can be stated that this represents the
magnetic orbital, the favorite way through which the superexchange
interac-tion between copper ions occurs.

A bond path and a suitable delocalization index value confirm the
presence of a direct Cu—Cu interaction, with features in agree-ment
with other intermetallic bondings of transition elements in complexes
and in bulk metals [1,2]. In these interactions the ki-netic and potential
energy density nearly compensate each other, leading to a negligible
total energy density value. This is the first compound where a metal—
metal moiety bridged by four ligands shows the topological features of
a real interaction between met-als, supported by a bond path and by a
BCP and not only by a bond distance value.

The coordination around the Cu atoms is strongly distorted from an
octahedral geometry to a square planar bipyramid. This behavior is
depicted by the Laplacian and by the static deformation maps; it can
be stressed that all experimental and theoretical data supply the same
description of chemical bondings in the title compound.
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