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The hydrogen storage capacity of representative cuprated benzenes (CqHsCu and 1,3,5-CusCeHj
molecules) has been investigated by DFT calculations and found to fulfill the US department of
energy target requirements for low-cost hydrogen storage materials. A thorough analysis of the
bonding Cu- - -(*-H,) interactions by a multitude of electronic structure calculation methods (natural
bond orbital, AIM, electron localization function, reduced density gradient, and Sign(/,(r))p(r) func-
tions) showed that these interactions exhibit a mixed covalent-ionic character accompanied by weak
intermolecular dispersion interactions as well.

Keywords: Phenylcopper; 1,3,5-Cu3;CgH; molecule; Hydrogen storage capacity; DFT; Bonding Cu---
(#*-H,) interactions

1. Introduction

The design of new materials for hydrogen storage continues to be a major research area for
the development of future hydrogen energy applications driven to a large extent by techno-
logical demands, especially for mobile applications [1]. The prime goal for “The Hydrogen
Economy” [2] to be realized is that of inventing safe, efficient, and effective storage for H,
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gas, and to replace current technologies based around the compression of H, as a liquid or
as a gas using cryogenic temperatures or high pressures [2(a)]. Therefore, there is major
worldwide interest in meeting the United States Department of Energy (DOE) targets of
6.5% w/w gravimetric and 45 g L' volumetric H, storage by 2010, and 9.0% w/w and
81 g L™! by 2015 for mobile applications [3].

Hydrogen storage materials could be divided into two classes depending on the mecha-
nism of hydrogen sorption: materials where adsorption is due to physisorption or due to
chemisorption. In the case of physisorption, molecular hydrogen is weakly bound to the sur-
face of the material by van der Waals or hydrogen bonds. In the case of chemisorption, H;
molecules dissociate into atomic hydrogen which is then absorbed into the bulk, forming
stronger ionic or covalent bonds with the material. An ideal storage system would be one
where hydrogen binds molecularly but with a binding energy that is intermediate between
the physisorbed and the chemisorbed state.

Transition metal (TM) atoms interacting with H, molecules form dihydrogen complexes
through the so-called Kubas interaction [4]. This bonding mode offers a rare opportunity
for the development of reversible hydrogen storage media for near room temperature opera-
tion [5], because the binding energy of the H, molecule in the system is theoretically esti-
mated to be in the range of 0.2-0.6 eV [6]. A good contender for hydrogen storage through
the Kubas interactions should be of comparatively low molecular weight, cheap and should
be further capable of rapid adsorption—desorption kinetic behavior which simulates an effec-
tive capturing and removal process [1(f)]. An alternative for chemical hydrogen storage is
provided by materials storing hydrogen as hydridic/protonic H combined with other ele-
ments (e.g., B, C, and N). An exhaustive list of this class of chemical hydrogen storage
materials is given by Demirci and Miele [1(g)]. Hydrogen storage in metal hydrides has
also been the focus of intensive research. For example, magnesium dihydride combines a
high H, capacity of 7.7% w/w with the benefit of the low cost of the abundantly available
magnesium [7]. In metal hydrides, the hydrogen—metal interactions correspond to a direct
o metal hydride bond, in which the hydrogen shares its 1s electron with one of the available
valence electrons of the metal and can give four basic hydride species: MH, MH,, MHj;,
and MH, [8]. Depending on the properties of the metal atom involved mixed hydride/dihy-
drogen complexes formulated as MH,(H,),, (x = 1-4; y = 0-6) may be also formed. A com-
bined experimental and theoretical study of the MH,(H,), species (M = La-Gd; x = 1-4;
y = 0-6) has recently been reported by Gagliardi and coworkers [8].

Metalated benzenes and particularly lithiated benzenes, aside from being very powerful
reagents in organic synthesis, are of particular interest in fundamental research and quite a
lot of theoretical work has been devoted to determination of their structures, relative stabili-
ties of their isomers, as well as of various other intriguing properties. Very recently, Giri
et al. [9] investigated by DFT and ab initio molecular dynamics calculations the possibility
of using star-like hexalithiobenzene as a hydrogen storage material. Calculations predicted
that hexalithiobenzene could be a good candidate to serve as hydrogen storage material
which can efficiently absorb hydrogen in its molecular form at low temperature and desorb
it at room temperature. Cg¢Lig can trap 6—12 H, molecules in molecular form with a good
gravimetric weight percentage (9.6% w/w for Hy@CgsLig) [1(f)].

Group 11 coinage metals (Cu, Ag, and Au) are also known to metalate benzene. Phenyl-
copper, C¢HsCu, is the first organocopper compound and its synthesis was reported by
Reich in 1923 as an impure product obtained in 60% yield from phenylmagnesium bromide
and cuprous iodide in ether [10]. Since then, several other methods for synthesis of
CgHsCu have been reported [11]. Phenylcopper as well as its clusters are widely used as
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reagents in organic synthesis [12]. Since 1923, several unsuccessful attempts were made to
synthesize and isolate phenylsilver, C¢HsAg [13], until Beverwijk et al. [14] synthesized,
isolated, and characterized phenylsilver as one of the most stable unfluorinated o-bonded
organosilver compounds known at that time. Finally, phenylgold, CsHsAu, has also been
synthesized and along with its silver counterpart, C¢HsAg, as well as their anions
[AuCgHs] and [AgCgHs] have been studied by Sun et al. [15] employing photoelectron
spectroscopy and DFT calculations. In subsequent work, Liu et al. [16] employed the same
techniques and methods to study the structure and formation mechanism of [C¢HsCu,,]”
(m = 1-3). The structure and the formation mechanism of the silver and gold counterparts,
[C¢HsM,,,] (M = Ag or Au, m = 1-3), have also been studied in detail using DFT calcula-
tions at the B3LYP//6-311G(d,p)/Lanl2dz level of theory [17].

Continuing our interest on the study of coinage metalated benzenes [18], we set out to explore
herein by electronic structure calculation methods the hydrogen storage capacity of coinage
metalated benzenes and the potential for using these molecules as hydrogen storage materials.

2. Computational details

All calculations were performed using the Gaussian09 program suite [19]. The geometries
of all stationary points were fully optimized, without symmetry constraints, employing the
1999 hybrid functional of Perdew et al. [20] denoted as PBEO as implemented in the Gaus-
sian09 program suite [19]. For the geometry optimizations, we used the Def2-QZVPP basis
set for all atoms. Hereafter, the method used in DFT calculations is abbreviated as PBE0/
Def2-QZVPP. The selection of the PBEO density functional was based on the fact that
PBEO (PBEIPBE) generally gives the best results for various properties of TM and main
group element compounds [21]. Def2-QZVPP basis set is a high-quality basis set providing
smaller mean errors for a variety of computed properties of TM and main group compounds
[22]. All stationary points have been identified as minima. The natural bond orbital (NBO)
population analysis was performed using Weinhold’s methodology as implemented in the
NBO 6.0 software [23]. Magnetic shielding tensors have been computed with the GIAO
(gage-including atomic orbitals) DFT method [24, 25] as implemented in the Gaussian09
series of programs [19] employing the PBEO functional (abbreviated as GIAO-BPEO/Def2-
QZVPP method). Topological and energetic properties of p(r) at the (3,—1) bond critical
points (BCPs) were calculated by means of the Bader’s [26] Quantum theory of atoms in
molecules (QTAIM) methodology. The 2-D plots of the electron localization function (ELF)
and the real space Sign(1,(r))p(r) function with promolecular approximation as well as the
3-D surfaces of the reduced density gradient (RDG) were obtained employing the Multiwtn
software version 3.2. [27]. The 4, term in the Sign(/,(r))p(r) function is obtained as the sec-
ond largest eigenvalue of the averaged electron density Hessian matrix computed through
the dynamical trajectory. The adaptive natural density partitioning (AdNDP) [28] calcula-
tions were employed as implemented in the Multiwfn 3.2.

3. Results and discussion

3.1. Hydrogen storage capacity of phenylcopper, CcH;Cu

First, we explored the hydrogen storage capability of phenylcopper, C¢HsCu, investigating
the copper—H, interactions by electronic structure calculation methods. Figure 1 shows the
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Figure 1. Optimized geometries and selected structural parameters of the (a) CeHsCu(y*-H,), (b) CoHsCu(y*
H,),, and (c) C¢HsCu(;>-H,)5 species calculated at the PBE0/Def2-QZVPP level of theory (numbers in parenthesis
refer to structural parameters calculated for the parent C¢HsCu molecule).

PBEO0/Def2-QZVPP optimized geometries along with selected structural parameters of the
C¢HsCu(H,), (n = 1-3) molecules. Notice that all our attempts to load the copper center
with four H, molecules were unsuccessful, since in the resulting optimized geometries, the
fourth H, molecule was always far apart from copper.

In C¢HsCu(H,), H, is coordinated to Cu through a side-on coordination mode (3°
coordination mode) adopting a perfect vertical orientation relative to the carbocyclic ring
plane. The distance between the copper and the centroid of the H-H bond, Cu—cd(H-H), is
1.635 A. Generally, the structural integrity and planarity of the carbocyclic ring are retained
in C¢HsCu(7°-H,). The most significant structural change undergoing the C¢HsCu moiety
upon interaction with H, is elongation of the C—Cu bond by 0.016 A. It can also be seen
that the H-H bond of the coordinated H, molecule in the C¢HsCu- - -(7*-H,) complex is
elongated by 0.044 A.

The BSSE-corrected interaction energy (IE), for the C¢HsCu---(>-H,) interaction is
calculated to be equal to 13.8 kcal mol™" at the PBE0/Def2-QZVPP level. According to the
US DOE targets for hydrogen storage applications, the binding energy (or IE) per H, mole-
cule, which is sometimes also referred to as the removal energy or equivalently the absorp-
tion energy, should be in the range of 0.7-0.2 eV (or 16.1-4.6 kcal mol™") [29]. Obviously,
the estimated IE for C¢HsCu- - -(5>-H,) is within the US DOE targets. Upon attaching a sec-
ond H, molecule to C6H5Cu(7]2-H2), a further elongation of the C—Cu bond by 0.046 A is
observed and the total elongation with respect to C—Cu bond length found in C¢HsCu
is 0.062 A. The elongation of the two H-H bonds in C¢HsCu(7°-H,), is 0.045 A and it is
almost the same as that found for C¢HsCu(7°-H,). The coordinated H, molecules in
CeHsCu(7*-H,), are further away from the metal center with Cu-cd(H-H) distances calcu-
lated equal to 1.722 A. Nonetheless, the structural parameters of the carbocyclic ring remain
practically unaffected. The C¢HsCu(s>-H,), complex adopts a trigonal planar arrangement
of the two H; ligands and the phenyl ligand. The BSSE-corrected IE for the attachment of
the second H, molecule to copper is calculated to be 7.9 kcal mol™', which is again within
the US DOE targets. Attachment of a third H, molecule to the copper results in a pseudo-te-
trahedral arrangement of the ligands around the metal center. In the C6H5Cu(r72-H2)3 com-
plex, the C—Cu bond and the Cu—cd(H-H) distances are the longest compared to those
found for the complexes bearing one and two H, molecules. Thus, the C—Cu bond in
CeHsCu(7*-H,); is calculated to be 1.940 A, elongated by 0.073 A with respect to that
found in C¢HsCu, while the Cu—cd(H-H) distances are calculated to be more than 1.8 A.
However, it should be noticed that the structural parameters of the carbocyclic ring are
almost unaltered upon attachment of three H, molecules to the copper metal center. Finally,
the IE of the third H, molecule with C¢HsCu(y>-H,), is calculated to be 5.6 kcal mol ™,
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once more within the US DOE targets. Overall, the average IE per H, molecule in C¢gHsCu
(7*-H,)3 is 9.1 kcal mol™'. Noteworthy is the remarkable stabilization of C¢HsCu under a
hydrogen atmosphere.

The theoretical gravimetric capacities for C6H5Cu(112—H2), C6H5Cu(172—H2)2, and C¢HsCu
(7*-H,)s are 1.4, 2.8, and 4.1% wi/w, respectively, falling below the US DOE gravimetric
capacity target for 2015 which is 5.5% w/w [28]. On the other hand, the volumetric capaci-
ties of CqHsCu(7*-H,), CsHsCu(7*-H,),, and CgHsCu(7*-H,)3, based on molecular volume
calculations, are 24, 41, and 50 g L™, respectively. Again, these numbers are below the US
DOE volumetric capacity target for 2015 which is 70 g L™". [30] Accordingly, we explored
the H, storage capacity of the other coinage metalated benzenes bearing more than one
metal atom. Due to the US DOE target for low-cost materials, we have only focused on the
systems bearing copper for obvious reasons. Among all the coinage metalated species bear-
ing more than one copper, it is found that the best potential candidate to be examined as a
H, storage material is the 1,3,5-Cu;CcH; molecule.

3.2. Hydrogen storage capacity of 1,3,5-Cu3;CsH; molecule

The optimized structures along with selected structural parameters of 1,3,5-Cu;C¢Hj gradu-
ally loaded with three, six, and up to nine H, molecules calculated at the PBEO/Def2-
QZVPP level are shown in figure 2. Attempts to load 1,3,5-Cu;C¢H; with more than nine
H, molecules were unsuccessful, since the extra H, molecules were always away from the
copper centers.

Perusal of figure 2 reveals that the H, molecules are attached to copper of the 1,3,5-
Cu;CgH; species in a similar way as that found in the CgHsCu species, i.e., with a 712 fash-
ion adopting vertical, tr1g0na1 planar, and tetrahedral arrangement around the metal centers
in  the 1,3,5-CeHsCu(s? -Hz)Cu(n -Hz)Cu(n -Hy),  1,3,5-C¢H;Cu(*-Hs),Cu(7*-H,),
Cu(i’]z-Hz)z, and 1,3,5- C6H3Cu(;7 -H2)3Cu(17 —H2)3Cu(;7 -H,); complexes, respectively. The
calculated Cu—cd(H-H) distances are slightly elongated compared to those found in the
respective C6H5Cu(;72—H2), C6H5Cu(7]2—H2)2, and C6H5Cu(;72—H2)3 complexes. In contrast,
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Figure 2. Optimized geometries and selected structural parameters of the (a) 1,3,5-CsH;Cu(7°-H,)Cu(°-H,)Cu
(12-Hy), (b) 1,3,5-CsH3Cu(”-Hy),Cu(’-Hy)2Cu(yo-Hy),, and (c) 1,3,5-CsH3Cu(y’-Hy)sCu(y*-Hz)sCurgo-Ha)s com-
plexes calculated at the PBEO/Def2-QZVPP level (numbers in parenthesis refer to structural parameters of 1,3,5-
C6H3CU3)‘
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upon attachment of H, molecules, the C—Cu bonds in 1,3,5-CsH;Cu(;*-H,)Cu(7*-H,)Cu
(’72'H2), 1a3,5'C6H3Cu(’72'Hz)zCu(ﬂz‘Hz)zcu(ﬂz'Hz)z, and 1,3,5'C6H3CU(’72'H2)3CU(’72'
H,);Cu(y*-H,)5 are slightly less elongated compared to the C—Cu bond elongation observed
for the analogous C¢HsCu(7*-H,), (n = 1-3) complexes. Finally, the structural integrity and
planarity of the carbocyclic ring is retained with marginal changes of its structural parame-
ters. The interaction energies per H, molecule (BSSE included) are 12.7, 6.6, and 4.8 kcal -
mol~! for the 1,3,5-CusCgH; bearing three, six, and nine H, molecules, respectively, and
are within the range set by US DOE target. The gravimetric capacities of 1,3,5-C¢H;Cu(i*-
H,)Cu(i*-H,)Cu(y>-Hy), 1,3,5-CsH3Cu(n*-H,)>Cu(i*-Hy),Cu(”-H,),, and 1,3,5-C¢H;Cu
(*-H,)3Cu(”-H,);Cu(y>-H,)5 are 2.2, 4.3, and 6.3% w/w, respectively, while the respective
volumetric capacities are 67, 110, and 98 g L™'. Obviously, the values for the binding
energy, the gravimetric as well as the volumetric capacities calculated for the 1,3,5-
CusCgHs(5?-Hs)o species are all above the targets set by the US DOE.

Taking into account the use of the coinage metalated benzenes as potential candidates of
materials for H, storage, we thought it would be advisable to study in more depth their
interaction with H, molecules. For the sake of simplicity, we would examine only the spe-
cies bearing one copper metal center, and for comparison, we would examine also the most
promising 1,3,5-CsH;Cu(7*-H,)Cu(7*-H,)Cu(i*-Hs), 1,3,5-CeH;Cu(n*-H,),Cu(i>-Hs),Cu
(7*-Hy),, and 1,3,5-CeHsCu(*-H,);Cu(n>-Hy);Cu(i*-H,); complexes. The estimated
Wiberg bond orders (WBOs) for the CsHsCu- - -(#°-H,) interaction in the C¢HsCu(y*-H,),

-o-l>~

CgHsCu(n’-H,)

S 30 -

H-16 H-17
C6H5Cu(n -Hz)z

L ' ‘

H-16
Cf,HsCu(n _HI}J

Figure 3. 3-D plots of the MOs relevant to the CgHsCu- - -(5>-H,) interactions in CeHsCu(y*-H,), (n = 1-3) com-
plexes (isocontour value = 0.030).
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CeHsCu(7*-H,),, and C¢HsCu(y>-Hy); complexes of 0.284, 0.321, and 0.318, respectively,
demonstrate weak covalent Cu- - -(#°-H,) interactions. Upon addition of a second H, mole-
cule to C6H5Cu(172-H2), the WBO increases, while, when adding a third H, molecule to the
C6H5Cu(;72-H2)2, the WBO slightly decreases.

The 3-D plots of the MOs relevant to CgHsCu- - -(;72-H2) interactions are shown in
figure 3. In C¢HsCu(7°-H,) ,two bonding MOs arising from the in-phase combination of
the 3d,. AO of copper with the ¢ bonding MO of the H, molecule describe the covalent
CeHsCu- - -(5°-H,) interactions. On the other hand, the covalent component of the
CeHsCu- - -(°-H,) interaction in both C¢HsCu(y°-H,), and C¢HsCu(s>-H,); is due to three
bonding MOs constructed from the in-phase combination of 3d,» and 3d,._y> AOs of Cu
with the & MOs of the coordinated H, molecules.

Next, we looked for possible hyperconjugation effects on the Cu- - -(y*-H,) interactions in
the CgHsCu(7*-H,), (n = 1-3) complexes. The stabilization energy, AE(2), associated with
possible charge transfer (CT) interactions between the relevant donor-acceptor orbitals com-
puted from the second-order perturbative estimates of the Fock matrix in the NBO analysis
according to the equation AE(2) = tié /& — ¢ allows specific hyperconjugative interac-
tions to be pinpointed. This equation evaluates the magnitude of the donor—acceptor interac-
tion in terms of the spatial overlap of the NBO, using the off-diagonal Fock-matrix
elements Fj; and the difference in energy between the NBOs, & — &;, weighted by the occu-
pancy of the donor NBO, ¢;. The most significant perturbative donor—acceptor interactions
introducing favorable hyperconjugative effects related to the Cu---(>-H,) bonding in the
Ce¢HsCu(7*-H,), (n=1-3) complexes are given schematically in figure 4 along with the
respective values of the stabilization energy, AE(2).

Three significant hyperconjugative interactions occur in C¢HsCu(y>-H,) (figure 4). The
first donor—acceptor interaction involves a CT from a bonding NBO of o-type located on
the H, molecule toward an antibonding LP* NBO (LP stands for lone pair), which is
mainly a p AO of copper. This interaction stabilizes the system by about 15 kcal mol™".
The second donor—acceptor interaction involves a CT from a LP NBO of d-type located on
copper toward a BD* (BD stands for bonding) antibonding NBO of ¢*-type on H, mole-
cule stabilizing the system by almost 13 kcal mol™'. Finally, the third hyperconjucative
interaction involves a CT from a bonding NBO of o-type on coordinated H, molecule
toward an antibonding BD* NBO localized on the carbon—metal bond, which stabilizes the
system by more than 32 kcal mol™'. The total stabilization energy due to the three hyper-
conjugative interactions in the CqHsCu(y*-H,) species is 60.3 kcal mol™'. Therefore, the
coordination of H, to the Cu center of the C6H5Cu(112-H2) molecule could be considered as
a “Kubas-type” interaction. The latter involves donation of two electrons from the ¢ bond-
ing MO of the H, molecule to a vacant 3d AO of a metal accompanied by a back-donation
of electrons from a filled d AO of the metal to the ¢* antibonding MO of the H, molecule
[4, 31]. However, it should be noticed that in C6H5Cu(n2-H2) there is donation of electrons
from the o bonding MO of H, to a vacant 4p AO of Cu, since all of its 3d AOs are filled,
while there is also a back-donation from the 3d AOs of copper to the o* antibonding MO of
H,. In addition, employment of the AANDP method [28] revealed the existence of a 3c—2e
bond for the C¢HsCu- - -(5>-H,) interaction (scheme 1).

The 3c—2e bond is formed from the in-phase interaction of a 3d AO of Cu and the ¢ MO
of H,. Remarkably, in our systems, there is also a donation of electrons from the ¢ bonding
MO of the H, molecule toward a ¢* antibonding MO located on the C—Cu bond, which
among all three hyperconjugative effects observed, mostly stabilizes the system. The
0*(C—Cu) natural bonding orbital involved in this hyperconjugative interaction is
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Figure 4. Selected hyperconjugative interactions in (a) C¢HsCu(i7°-H,), (b) C¢HsCu(s*-H,),, and (c) CeHsCu(r*-
H,); species (labels of donor and acceptor NBOs are in red and blue, numbers are the respective AE(2) terms) (see
http://dx.doi.org/10.1080/00958972.2015.1064906 for color version).

constructed from an sp (74.07% p character) natural hybrid orbital (NHO) on the ipso
carbon interacting in-phase with an sd (90% s character and 6% d character) NHO of cop-
per, having the form ¢*(C—Cu)=0.4677 hc—0.8839 hc,. Thus, the elongation of the C—Cu
bond of C¢HsCu upon interaction with H, is probably due to the o(H-H) — o*(C—Cu) elec-
tron transfer. Overall, based upon the NBO charges in the C¢HsCu(7°-H,) species there is a
net electron density transfer of 0.07 |e| from H, to CcHsCu moiety. The electron density is
transferred from the 1o MO of H, toward mainly the 4s and 4p AOs of Cu, since the natu-
ral electron configuration of H and Cu in the C¢HsCu- - -(°-H,) complex are 1s*7°1p®*!
and 3d”*4s°°%4p%%7  respectively.

Association of a second H, molecule with C¢HsCu(;>-H,) leads to ten hyperconjugative
interactions related to the C¢HsCu- - -(>-H,) interaction (five for each H, molecule). These
hyperconjugative interactions correspond to a total stabilization energy, AE(2), of more than
172 kcal mol™'. Five hyperconjugative interactions between the C¢HsCu moiety and one
out the two H, molecules of the CqHsCu(;>-H,), species along with the respective AE(2)
values are shown in figure 4. The other five hyperconjugative interactions are exactly the
same to those given in figure 4 for the C¢HsCu(*-H,) complex.
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Let us now analyze the hyperconjugative interactions related to the C¢HsCu- - -(7*-Ha)
interaction in C¢HsCu(i7°-Ha),. The first hyperconjugative interaction arises from an elec-
tron density transfer from a LP NBO of d-type located on copper toward a BD* antibond-
ing NBO of ¢*-type on H, molecule stabilizing the system by almost 10 kcal mol™'. The
second hyperconjugative interaction is due to an electron density transfer from a partially
occupied LP* of p-type AO on copper toward a BD* antibonding NBO of ¢*-type on H,
stabilizing the system by more than 20 kcal mol™'. The fourth and fifth hyperconjugative
interactions arise from electron density transfer from a bonding NBO of o-type located on
the H, molecule toward LP* NBOs located on copper. Finally, the fifth hyperconjugative
interaction corresponds to a o(H-H) — ¢*(C—Cu) electron transfer which probably accounts
for the C—Cu bond elongation caused by H, coordination to Cu. As observed for C¢HsCu
(7°-Hy), in CgHsCu(*-H,)s, there is almost the same net electron density transfer of 0.066 |
e| from each H, molecule (overall 0.132 |e|) toward the CsHsCu moiety. The electron den-
sity is transferred from the 1o MO of the H, molecules toward mainly the 4s and 4p AOs
of copper.

For the C¢HsCu(y>-H,); species, NBO analysis revealed a large number of hyperconjuga-
tive interactions taking place in the C¢HsCu- - -(y*-H,) interactions. The most significant
among them shown in figure 4 could be classified into two groups: one group comprises
hyperconjugative interactions relevant to the interactions involving the two structurally
equivalent H, molecules, located below the carbocyclic ring plane, while the second group
comprises hyperconjugative interactions relevant with the third H, molecule, located above
the carbocyclic ring, exhibiting a slightly longer Cu—cd(H-H) distance compared to the
other two H, ligands [figure 4(c)]. All these hyperconjugative interactions stabilize the sys-
tem by about 247 kcal mol™'. Inspection of figure 4 reveals that there are a number of
hyperconjugative interactions with electron density transfer from o(H-H)-type NBOs
toward copper p-type NBOs as well as back-donation from copper d-type NBO toward anti-
bonding o*(H-H)-type NBOs. In the C¢HsCu(y>-H,); complex, there is an even higher
electron density transfer from the lo MO of H, molecules toward the C¢gHsCu moiety
amounting to 0.29 |e| based on the natural charges upon comparing with the respective elec-
tron density transfer observed in CHsCu(y*-H,), and C¢HsCu(7*-H,).

To further delineate the nature of the CsHsCu- - ~(;12-H2) interactions, we employed AIM
calculations for the representative C6H5Cu(7]2-H2), C6H5Cu(;72-H2)2 and C6H5Cu(772—H2)3
species. The contour line maps of the Laplacian of the electron density, V> pgcp, for
CeHsCu(y*-H,) is depicted in scheme 2, while similar diagrams are obtained for C¢HsCu
(7*-Hs), and CgHsCu(7*-H,)s. In all cases, a BCP between the copper center and H, is
observed, indicating that there is a bonding C¢HsCu- - -(°-H,) interaction. To analyze this
interaction, we calculated AIM parameters for three BCPs, the one found between C¢HsCu
and the H, molecule, a second one found between the copper and the phenyl moiety, and a
third found for the H-H bond in the H, molecule. These BCPs are denoted as BCP ¢y p2),
BCP(c_cu), and BCPyy_p (scheme 2).

According to Bader’s [26] theory, the presence of a BCP between two atoms indicates
bond formation. The values of certain parameters at BCPs are used in order to clarify the
nature of the bond formed between two atoms. Thus, if the electron density at a BCP
between two atoms, pgcp, is large (>0.2 a.u.) and the value of its Laplacian, V2 pgcp, is
large and negative, then the bond formed is considered to be covalent. However, when TMs
are present, the diffuse character of the electron distribution [32] leads to positive V? pgcp
values and small pgcp values. Hence, Cortés-Guzman and Bader suggested [12] that caution
should be taken upon using the values of these two parameters to describe the delocalized
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bonding encountered when TMs participate in the interaction. Consequently, a number of
different parameters have been proposed to describe the bonding between two atoms within
the framework of the AIM theory. Cremer and Kraka [33] proposed that a bond between
two atoms could be considered as covalent if the value of the total energy density at the
respective BCP, Hpcp, is negative. In addition, Espinosa et al. [34] based upon the value of
the |Vgcpl/Gpep ratio, where Vpcp is the potential energy density at BCP and Ggcp is the
kinetic energy density at BCP classified the bonding interactions into three categories as fol-
lows: (i) pure closed-shell interactions (e.g. ionic bonds, hydrogen bonds, and van der
Waals interactions) characterized by |Vgcpl/Gaep < 1 (V2 pgep > 0 and Hyep > 0), (ii) pure
open-shell (covalent) interactions characterized by |Vgcpl/Gaep>2 (V2 ppep <0 and
Hgep <0), and (iii) intermediate bonds with 1<|Vgcp|/Gep <2 (i.e. V2 pgep >0 and
Hgcp <0). Finally, Macchi and Sironi [32] outlined that a covalent bond involving TMs
exhibits small VZpgcp and ppcp values, negative total energy density, Hgcp < 0 and Gpcp/
pecp ratio lower than 1.

Let us examine first the values of the AIM parameters calculated for the BCP(¢y_n2). The
values of the electron density, p(r), and its Laplacian, V2 pgcp, are 0.088 and 0.318. Accord-
ingly, the C¢HsCu- - -(5>-H,) interaction could not be considered, as expected, as a purely
covalent interaction. However, as mentioned above, when a TM is present in an interaction,
then the values of both of these two parameters should be examined with caution [32] and a
number of other parameters must be examined as well. Hence, the energy density Hpcp and
the ratio Hpcp/ppcp are —0.031 and —0.352, respectively, indicating a partially covalent
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Figure 5. Reduced density gradient 3-D plots (isosurface = 0.650) along with the 2-D plots of the Sign(4,(r))p(r)
function for CgHsCu(>-H,) and 1,3,5-C¢H;Cu(;*-H,);Cu(7°-H,)sCu(;>-H,); complexes calculated at the PBE0/
Def2-QZVPP level.
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Scheme 1. 3D plot of the 3c-2e bonding MO calculated by AANDP method.

; BCP.1)

v BCP,cy.
BCPicyizy— 77 i /// (Cu-C)

Scheme 2. Contour line map of the Laplacian of the electron density, for the interaction of phenylcopper with a
hydrogen molecule.

character for the C4H;5Cu- - -(712—H2) interaction. On the other hand, the |Vpcp|/Gpep ratio is
1.279 i.e., is between 1 and 2, and therefore, the C¢HsCu- - -(°>-H,) interaction is expected to
exhibit character between covalent and ionic [34]. Finally, the Ggcp/ppcp ratio of 1.247 is
higher than 1, pointing to a closed-shell interaction (dispersion forces) between the copper
and H,. Overall, based upon the values of the AIM parameters on BCP(¢,_n»), we conclude
that the respective CgHsCu- - ~(;72-H2) interaction exhibits a mixed covalent-ionic character
involving also a component arising from intermolecular dispersion forces.

Attachment of a second H, molecule results in lowering of the p(r) and it’s Laplacian, V>
prcp, Which are 0.076 and 0.250, respectively. The same holds true for the Hgcp and the ratio
Hpcp/ppcp which are —0.024 and —0.316, respectively. The ratio |Vgcp//Ggcp is invariant at
1.279 while Ggcp/ppep ratio is 1.132, which is still higher than 1. Thus, the C¢H5Cu- - ~(;12-
H,) interaction in C6H5Cu(7]2-H2)2 exhibits qualitatively the same character as in C6H5Cu(r]2-
H,). Upon attaching a third H, molecule, we have further lowering of the AIM parameters on
the BCP(cy 12), 1€, p(r)=0.064, V? ppcp=0.209, Hpcp=—0.017, Hpcp/ppep ratio is
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—0.266, |Vgcpl/Gpcp ratio is 1.243, and finally, the Ggcp/ppcp ratio is 1.094. Therefore, once
again attaching a H, molecule does not affect significantly the nature of the C¢HsCu- - -
(7*-H,) interaction. Taking into account that AIM parameters indicate the involvement of dis-
persion forces in the C¢HsCu- - -(7%-H,) interaction, we investigated further the RDG and the
real space Sign(4,(r))p(r) function with promolecular approximation (figure 5).

The green disk-shaped RDGs around the Cu---(7*-H,) bond clearly demonstrate the
weak van der Waals components of these interactions. This is further corroborated by the 1,
term in the Sign(J»(r))p(r) function which is almost zero at the BCP of the Cu- - -(4°-H,)
bond. Furthermore, both the RDGs and /, terms illustrate the metallophilic interactions
whenever possible.

4. Concluding remarks

In this work, we have investigated by means of DFT calculations the hydrogen storage
capacity of C¢HsCu and 1,3,5-Cu;C¢H; and found that these molecules fulfill the US DOE
target requirements for low-cost hydrogen storage materials. A thorough analysis of the
Cu- - -(*-H,) interactions by a multitude of electronic structure calculation methods (NBO,
AIM, ELF, RDG, and Sign(/»(r))p(r) functions) showed that the Cu- - -(4°-H,) interactions
exhibit a mixed covalent-ionic character accompanied by weak intermolecular dispersion
interactions as well.

Supplementary material

Cartesian Coordinates and energies (in Hartrees) of the C¢HsCu(i*-Hs), and CgH;Cu(i-
H,).Cu(7*-H,),Cu(n*-Hy), (n = 1-3) (table S1). These data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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