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The Cr(n1) binding sites of an experimentally realised hydrazine linked hydrogen storage material have
been studied computationally using density functional theory. Both the experimentally determined rise in
H, binding enthalpy upon alteration of the ancillary ligand from bis[(trimethylsilyl)methyl] to hydride,
and the number of H, molecules per Cr centre, are reproduced reasonably well. Comparison with
analogous Ti(11), V(i1) and Mn(11) systems suggests that future experiments should focus on the earliest 3d
metals, and also suggests that 5 and 7 wt% H, storage may be possible for V(i) and Ti(i1) respectively.
Alteration of the metal does not have a large effect on the M—H, interaction energy, while alteration of the
ancillary ligand bound to the metal centre, from bis[(trimethylsilyl)methyl] or hydride to two hydride
ligands, THF and only hydrazine based ligands, indicates that ancillary ligands that are poor m-acceptors
give stronger M—H, interactions. Good evidence is found that the M—H, interaction is Kubas type.
Orbitals showing c-donation from H, to the metal and n-back-donation from the metal to the dihydrogen
are identified, and atoms-in-molecules analysis indicates that the electron density at the bond critical
points of the bound H,, is similar to that of classical Kubas systems. The Kubas interaction is dominated
by o-donation from the H, to the metal for Cr(ir), but is more balanced between o-donation and m-back-
donation for the Ti(i1) and V(i) analogues. This difference in behaviour is traced to a lowering in energy

of the metal 3d orbitals across the transition series.

1 Introduction

The practical implementation of hydrogen as a fuel for road
vehicles has several problems, including storage of the hydrogen
in a compact space. Liquid storage has a high energy cost due to
the cooling required, and hydrogen is lost during boil off, whilst
high pressures (in excess of 300 bar) require specialist materials
for the tanks. To circumvent these issues it has been suggested to
incorporate within pressurised tanks a storage material to which
the hydrogen can bind, to increase the storage capacity of the
tank at a lower pressure. The United States Department of
Energy (DOE) has targets to be met by 2015 for such storage
systems. These include a gravimetric storage density of 5.5 wt%,
a volumetric storage capacity of 40 g L™ and a 3.3 min refuel-
ling time for a 5 kg tank.'

Many different types of hydrogen storage materials have been
investigated, and may be categorised according to the strength of
the bond between the hydrogen and the material. At one end of
this scale are metal hydrides, which bind the H atoms with a
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strong covalent bond (40-80 kJ mol™"),%* whilst at the other end
are materials such as zeolites or carbon based frameworks that
physisorb H, molecules through weak van der Waals forces
(3-6 kJ mol™").* The high storage capacities of the metal
hydrides are offset by the energy costs of cooling the material
during uptake, and heating the material to drive off the H, for
use, while the ease with which the H, may be removed from
materials that physisorb hydrogen is balanced by their low
storage capacities (generally less than 1 wt% at room tempera-
ture). It has been calculated that a storage material-hydrogen
binding enthalpy of between 20-30 kJ mol™' *® would give the
best balance between storage capacity and the energy required to
release the hydrogen.

In order to achieve an enthalpy in this range metals may be
incorporated into the storage materials, to which H, may bind in
a Kubas fashion. A Kubas interaction’® is consistent with a
lengthening of the H-H bond without breakage and involves o-
donation from the filled H-H o-bonding orbital into an empty d
orbital of a metal, and simultaneous m-back-donation from a
filled metal d orbital into the vacant ¢* anti-bonding orbital of
the H, molecule. This is similar to the synergic bonding
described by the Dewar—Chatt—Duncanson model for the inter-
action of, for example, CO with transition metals.”!° The fabri-
cation of solid state materials which use the Kubas interaction to
store hydrogen is a great challenge because it is difficult to syn-
thesize a material that has both a high concentration of low
valent, low coordinate binding sites (transition metals in the
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solid state prefer to be 6-coordinate in most cases), light weight,
and enough porosity to allow hydrogen to diffuse through the
structure.

Previously, we have investigated, both experimentally and
computationally, hydrogen storage materials with first row tran-
sition metals in the +3 oxidation state.>''"'” Our first compu-
tational study was of a storage material based on an
experimentally confirmed mesoporous silicate with titanium
benzyl binding sites,'" and the second was a hydrazine linked
system containing vanadium binding sites.' This latter system is
of particular interest because the excess volumetric densities at
77 K (60 kg m™) were reported to be greater than that of a
metal organic framework (MOF). In both of these systems the
experimental enthalpies in the 2040 kJ mol™' range are
believed to be due to the Kubas interaction, and this was verified
by our calculations,'*'” which also showed that the highest H,
binding enthalpies would occur in systems based on early tran-
sition metals with hydride ancillary ligands.

In our experimentally characterised systems we observe a
trend of rising H, binding enthalpy with increased coverage,
opposite to the behaviour seen during physisorption. For the
silica based systems this was rationalised through a molecular
orbital analysis; the binding of one hydrogen molecule alters the
energy of the frontier orbitals of the binding site such that the
HOMO and LUMO are closer in energy to the HOMO and
LUMO of free H,, making the binding of the next H, molecule
more favourable.'* By contrast, for the hydrazine linked material
an analogous molecular orbital analysis proved inconclusive. We
suggested that the rising enthalpy trends may be due to coopera-
tivity between the metals of adjacent binding sites, thought to be
possible due to the observed metallic conductivity, but the calcu-
lations did not include these effects.!” Rising enthalpies have
also been observed recently in KC24 and attributed to lattice
expansion effects.'®

In this contribution we study computationally molecular
models of the H, binding sites of an experimentally character-
ised Cr gel in which the metal centres are linked by hydrazine
based ligands.'” The best experimentally verified material pos-
sesses the highest gravimetric and volumetric storage of any
Kubas based material at 298 K (3.2 wt% and 42 kg m~> at 170
bar without saturation). The materials are largely amorphousf
with Cr(u1), Cr(m) and Cr(1v) sites, although the majority are
Cr(u). X-ray photoelectron spectroscopy shows that the binding
mode of the hydrazine and the way that it links the binding sites
together also vary, although mostly it links in a -NH-NH,—
fashion. During synthesis, each Cr(i1) has a bis[(trimethylsilyl)
methyl] ligand bound to it initially, which is then hydrogenated
off. Proposed structures for the Cr(i) sites within the gel before
and after hydrogenation are shown in Fig. 1A and 1B respect-
ively, although the coordination number and the geometry of the
ligands about the metals are not known for certain. This is
because the air sensitive, paramagnetic, and amorphous nature of
these materials precludes most detailed methods of structural
characterization.

1 XRD shows broad, low-intensity reflections from 26 = 30 to 35° that
do not correspond to any known Cr—N phase.
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Fig. 1 Schematic representations of the proposed structures'® of the
Cr(i) hydrazine linked systems; (A) before hydrogenation, and (B) after
hydrogenation.

As with our previous computational studies of M(m) silica-
and hydrazine-based materials, we here employ molecular
models of the binding sites, and probe their interaction with H,.
We initially benchmark our method against experimental data
before investigating the effect of altering the ancillary (i.e. non
hydrazine-based) ligand bound to the metal, and the effect of
altering the metal from Cr to V and Ti. We also compare the
results to those of our previous study of hydrazine linked hydro-
gen sltgrage materials with transition metals in the +3 oxidation
state.

2 Computational details

Spin-unrestricted DFT, with the Perdew—Burke—Ernzerhof
(PBE)**?! exchange correlation functional, was used throughout.
This functional was chosen because of its success in our pre-
vious studies on the benzyl titanium binding sites of a mesopor-
ous silica'* and on the vanadium binding sites of a hydrazine
linked material,'” and because it has been shown by Sun et al. to
be the best functional to balance computational speed and accu-
racy when looking at dihydrogen bound to metal centres.?* It is
certainly a commonly used functional in this area of
research.? 2%

The Gaussian 09 code® was used for all geometry optimis-
ations, and the 6-311++G** basis>*>° sets were used on all
atoms. An ultrafine integration grid was used and the RMS force
geometry convergence criterion was set to 0.000667 a.u. using

8516 | Dalton Trans., 2012, 41, 8515-8523

This journal is © The Royal Society of Chemistry 2012


https://doi.org/10.1039/c2dt30383c

Open Access Article. Published on 03 May 2012. Downloaded on 3/13/2026 3:19:30 PM.

View Article Online

IOP 1/7. Stationary points were analysed by performing analyti-
cal frequency calculations.

Atoms-in-molecules (AIM) calculations were performed using
the AIMALLPro®” programme on the electron densities at the
Gaussian optimised geometries, employing formatted Gaussian
checkpoint files as input.

Partial atomic charges were quantified using the Mulliken,
Voronoi and Hirshfeld scales. These were calculated at the Gaus-
sian optimised geometries using the Amsterdam Density Func-
tional (ADF) program,** ™ with the PBE functional, TZ2P basis
sets*'™ on all the atoms and the parameter controlling the inte-
gration grid set to 6.0. Mulliken charges were also calculated
using the Gaussian code and atoms-in-molecules charges were
taken from the AIMALLPro output.

The average energy of interaction between the metal and
the H, units (M—H,) was calculated in ADF as follows.
Using the same calculation settings employed for the par-
tial charges, a single point calculation on the geometry
of the binding site representation with H, molecules bound
(BSR(H,),,) was performed. Two further single point calcu-
lations were then performed breaking the molecule into
two fragments; the metal-containing fragment (spin-unrestricted)
and the (H,), fragment (spin restricted). The average energy
of interaction between the metal and the H, units was
calculated as

pin _ Eosran), — Eose — Eq,
Hy

n

E for all species was taken as the SCF energy. This fragment
method of calculating the energy of the M—H, interaction was
used successfully in our analysis of the amorphous silica based
hydrogen storage materials'* and a variation on this method was
used for the analysis of the hydrazine linked hydrogen storage
materials with vanadium binding sites.!” In the silica study we
evaluated the effects of basis set superposition error, concluding
that it was only about 1 kJ mol™" per H,. We have therefore not
included corrections for basis set superposition error in the
present work.

Whilst searching for alternative structures with different
metals and ligands it was found that there were multiple possible
true minimum geometries for the same set of ligand, metal and
number of H, molecules. For example, with Ti(1), a hydride
ancillary ligand and one bound H,, it is possible to converge
several structures with a capped square planar geometry with
different relative positioning of the ligands, and also a trigonal
bipyramidal structure. These geometries are within 32 kJ mol™".
Due to the difficulty in locating all possible conformers (and as
the geometry about the metal in the experimental system is not
known) it was thought best to focus on a single conformer
with one bound H, when making comparisons between
metals and ligands. Therefore, all comparisons, in terms of the
energy of the M—H, interactions, are made with reference to the
binding of one H, molecule in a standard molecular confor-
mation. This conformer is not necessarily the global minimum
for all combinations of ligands and metals but is a true
minimum. The chosen conformers for each of the ligand sets are
shown in Fig. 2.

3 Results and discussion
3.1 Benchmarking against experimental data

The Cr(n) hydrazine systems studied experimentally show rising
H, binding enthalpies with increasing coverage. For the
materials with a bis[(trimethylsilyl)methyl] ancillary ligand the
enthalpy rises to a maximum of —17.86 kJ mol™', and when this
ligand is replaced with a hydride the maximum in the enthalpy
increases to —51.58 kJ mol™, a rise in enthalpy after hydrogen-
ation of —33.72 kJ mol™"."

The coordination number of the metal is not known exper-
imentally and we have therefore investigated three, four and five
coordinate molecular binding site representations (BSRs)
(Fig. 3). The coordination number was increased using hydrazine
ligands whilst maintaining the +2 oxidation state of the metal.§
The five coordinate BSRs did not bind H, molecules and so
were discounted. The three coordinate BSR with a hydride ancil-
lary ligand bound the first H, molecule as two hydride ligands
(Fig. 4B) and so three coordinate BSRs were not considered
further as this would imply irreversible hydrogen storage, which
has not been seen experimentally. The four coordinate BSRs
with a bis[(trimethylsilyl)methyl] ancillary ligand bind one H,
molecule with an energy of —28.33 kJ mol™', rising to
—48.52 kJ mol™! with a hydride ancillary ligand (Table I,
Fig. 5). This rise in enthalpy upon altering the ancillary ligand
(=20.19 kJ mol™") is in reasonable agreement with experiment.
Only one H, molecule is found to bind to the four coordinate
BSRs, also in reasonable agreement with the 1.58 H,/Cr seen
experimentally (H, physisorbed within the pores of the frame-
work is not accounted for in our model). Furthermore, four co-
ordinate BSRs were found to best reproduce the experimental
data for the V(i) hydrazine linked system studied previously,'”
and we therefore focus on four coordinate BSRs for the remain-
der of this work.

3.2 Altering the metal

We extended our study to other early first row transition metals
by substituting the Cr(1) with Ti(r), V(i) or Mn(11) to see if, as
with our work with metals in the +3 oxidation state,'* there is a
trend to fewer bound H, molecules as the periodic table is
crossed. Fig. 6 shows that this is indeed the case for hydride
ancillary ligands, as the number of H, molecules bound to the
BSRs reduces as the metal is altered, with Ti(ir), V(i) and Cr(ir)
binding three, two and one H, molecules, respectively (Mn(ir)

§ The molecular BSRs we employ feature a combination of formally
neutral, two-electron donor hydrazine (NH,NH,) and formally mono-
anionic, one-electron donor hydrazide (NHNH,) ligands. By varying the
number of the former, we can alter the coordination number of the metal
whilst leaving the oxidation state unaltered. Whilst recognising that
quantum chemically calculated partial charges never mimic formal
charges exactly, Table S11 presents the charges on parts of the Cr(i)
BSR shown in Fig. 3B. It is clear that the formally anionic hydride and
hydrazide ligands carry a significantly negative partial charge, while the
hydrazine ligands have an overall, smaller positive charge. In this manu-
script we use the term “hydrazine-based” to refer to ligand environments
containing both hydrazine and hydrazide ligands, specifying the number
of each where necessary.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Schematic representations of the conformers chosen for binding the first H, molecule to the binding site representations; (A) bis[(trimethyl-
silyl)methyl] ancillary ligand, (B) hydride ancillary ligand, (C) hydrazide ancillary ligand, (D) THF ancillary ligand and (E) two hydride ancillary

ligands.
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Fig. 3 Schematic representations of the binding site representations
chosen for the possible coordination numbers of the Cr(i) hydrazine
linked experimental system; (A) three coordinate, (B) four coordinate
and (C) five coordinate. L = H or bis[(trimethylsilyl )methyl].

Fig. 4 Ball and stick representations of the optimised geometries of
three coordinate binding site representations with Cr(ir) and a hydride
ancillary ligand; (A) no bound H,, (B) one H, bound as a dihydride and
(C) two H; bound (one as a dihydride).

was found not to bind any Hj). This is also the case for the bis-
[(trimethylsilyl)methyl] ancillary ligand (Fig. 7) where only one
H, molecule may be bound to Cr(11) but two to Ti(11) or V(1).
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Table 1 H-H bond lengths, frequencies and bond critical point (BCP) densities, and average M—H, interaction energies for all of the binding site
representations studied computationally with 4 coordinating ligands. In all cases the number of non-ancillary hydrazine and hydrazide ligands was
chosen so as to maintain the M(1) oxidation state. / = no geometry optimised for that combination. — = no calculation with that combination was

attempted

H-H stretching

M-H, interaction

H-H BCP densities/e

H-H bond lengths/A frequencies/cm™ energies/kJ mol ™' bohr™
Ancillary ligand(s) No.of H, bound Ti*" V> ¢* T¥" Vv oot T v crt Tt V¥ o
(Trimethylsilyl)methyl 1 0.813 0.795 0.784 3278 3580 3783 -31.32 -30.09 -28.33 0.222 0.233 0.239
2 0.803 0.790 / 3456 3645 / -4033  -2334 / 0227 0.234 /
0.805 0.809 3364 3372 0.225 0.225
3 0.805 / — 3404/ -217.32 / — 0225 / —
0.840 2965 0.206
2.159 N/A N/A
Hydride 1 0.810 0.837 0.811 3342 3004 3377 —44.11 —54.33 —48.52 0224 0211 0.225
2 0.788 0.792 / 3700 3632 / —-41.78  -33.34 / 0.237 0229 /
0.806 0.803 3408 3485 0.226 0.234
3 0.794 / — 3606 / -26.58 / — 0234 / —
0.798 3535 0.230
0.800 3468 0.229
Two hydrides 1 0.810 0.816 0.818 3359 3296 3308 —-59.69 —61.16 —68.78 0.224 0.223 0.223
2 0.809 0.810 / 3383 3380 / —-42.16  -51.28 / 0225 0.226 /
0.810 0.819 3333 3264 0.224 0.222
3 0.802 / — 3463/ -35.57 / — 0229 / —
0.816 3276 0.222
0.822 3183 0.217
Two hydrazides 1 0.828 0.795 0.792 3062 3574 3636 —-46.22 -37.33 -37.75 0.212 0.232 0.234
0792 0.782 / 3593 3769 / -58.18 893 / 0.224 0.239 /
0.809 0.808 3333 3386 0.234 0.227
THF 1 0.810 0.802 — 3304 3465 -3143  -49.00 — 0223 0.228 —
0.792  0.794 3595 3590 —45.78  =27.49 0.233 0.233
0.817 0.803 3225 3465 0.219 0.229
& 5 Number of H, units
0 1 2 3
‘73 0 1 1 )
¢ £
x-10 4
< “ % *Ti
&-20 1 =V
% ACr @
=-30 A
O o
°
D -40 4
5 . ‘
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o n
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Fig. 5 Ball and stick representations of the optimised geometries of
four coordinate binding site representations with Cr(i) and a hydride
ancillary ligand; (A) no bound H, and (B) one H, bound, and with a
bis[(trimethylsilyl)methyl] ancillary ligand; (C) no H, bound and (D)
one H, bound.

We also observed previously'’ that the M—H, interaction
energy is not much affected on changing the metal, and this is
again the case; Fig. 6 and 7 show the M—H, interaction energies
to be within 10 kJ mol™" of each other when one H, is bound.

Fig. 6 The M—H, interaction energy as a function of the number of
bound H, molecules for four coordinate Ti, V and Cr BSRs with a
hydride ancillary ligand.

3.3 Altering the ancillary ligand

The ancillary ligand was altered from hydride or bis[(trimethyl-
silyl)methyl] to all N-donor ligands, to two hydride ligands and to
tetrahydrofuran (THF). THF may be used as a solvent during the
preparation of the experimental materials'® and may remain bound
to the metal centres, and so could be present in the final material.
Previously with first row transition metals in the +3 oxidation
state it was observed that ancillary ligands that did not accept
electron density via m-back-donation from the metal enhanced

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 The M-H, interaction energy as a function of the number of
bound H, molecules for four coordinate Ti, V and Cr BSRs with a bis-
[(trimethylsilyl )methyl] ancillary ligand.

the M—H, binding energy, presumably due to increased back-
donation to H,.!7 This is also the case with the metals in the +2
oxidation state. The generally accepted order of the ancillary
ligands’ ability to accept m-electron density is two hydrides <
one hydride < hydrazide < bis[(trimethylsilyl)methyl] and
Table 1 indicates that the M—H, interaction energy generally
reduces in that order. The fact that changing the alkyl group to a
hydride does not alter the number of H,/metal but only the
strength of binding suggests that the hydride induced amplifica-
tion of hydrogen storage capacity to 3.2 wt% at 170 bar and
298 K on hydrogenation in the experimental Cr system is due to
the loss of weight in the system on alkyl loss as opposed to
greater numbers of H, binding per site. On the basis of the mol-
ecular weight of the Cr hydrazine system (ca. 80 g mol™") the
3.2 wt% would be very close to saturation, although saturation
was not observed at the pressures in this study.'® This also
suggests that V(1) materials should be able to bind a maximum
of ca. 5 wt% and Ti(n1) materials a maximum of ca. 7 wt% on
the basis of 2 and 3 H,/M respectively, and molecular weights of
ca. 80 g mol~" based on a 1 : 1 M : hydrazine ratio.

3.4 The nature of the M—H, interaction

As in our previous work on the Ti sites of the silica based
systems'* and the V binding sites of the hydrazine linked
systems'” we again observe evidence for the M—H, interaction
being of a Kubas type. Experimentally the Kubas interaction is
characterised by a lengthening of the H-H bond of the H, mol-
ecule and a reduction in its stretching frequency upon binding.
In our representation of the Cr experimental system the H-H
bond lengthens upon binding from its free (computational) value
of 0.752 A to 0.784 A when there is a bis[(trimethylsilyl)
methyl] ancillary ligand and to 0.811 A with hydride (Table 1).
The vibrational frequency concomitantly decreases from
4317 cm™" to 3783 and 3377 em™! respectively (Table 1).9 The

§|The decrease is some way short of the experimental Raman value
(2285 cm™"). However, since these spectra were acquired at atmospheric
pressure where the hydrogen binding is minimal and the zero coverage
enthalpies generally lower than 20 kJ mol™', the Raman band may rep-
resent binding of H, to a very small number of high enthalpy binding
sites that do not represent the bulk sample.

¢ ¢

Fig. 8 Molecular orbitals of the Cr(11) BSR with a bis[(trimethylsilyl)-
methyl] ancillary ligand and one bound H,; (A) HOMO-1 (rn-back-
donation) and (B) HOMO-44 (o-donation). Image C shows the bare ball
and stick framework.

experimental binding enthalpies'® of —17.86 kJ mol™" with a bis
[(trimethylsilyl)methyl] ancillary ligand and —51.58 kJ mol ™"
with a hydride ligand are in the Kubas range and are reproduced
reasonably well computationally (Table 1). Molecular orbitals
featuring the two synergic interactions of the Kubas bond,
n-back-donation from the metal to the H, molecule and o-
donation from the H, molecule to the metal, are shown in
Fig. 8A and 8B, respectively.

In our previous paper on the V(i) binding sites of a hydrazine
linked hydrogen storage material, we studied the M—H, inter-
action via atoms-in-molecules (AIM) theory and benchmarked
our analysis against prototypical Kubas systems.'” In AIM
theory, two atoms are considered to be bonding when there is a
bond critical point (BCP) between them. The BCP is the
minimum on the line of maximum electron density connecting
two nuclei (the bond path), and is a maximum in a plane perpen-
dicular to the bond path. The electron density at the BCP is cor-
related with the strength of the bond. We found the density at the
BCP of the H-H bond of the bound H, molecule for the classi-
cally Kubas systems to be between 0.202-0.219 e bohr™."”
Here, the density at the BCP of the H, molecule bound to the
BSR of the Cr experimental system is 0.239 and 0.225 e bohr™>
with bis[(trimethylsilyl)methyl] and hydride ancillary ligands,
respectively (Table 1). These values are both higher than those
of the classically Kubas systems but close to those found for the
BSR of the V hydrazine linked gel, studied previously, of
0.238-0.240 e bohr.!7 As for the V hydrazine linked gel, this
suggests that the present M—H, bonds are weaker than in the
classically Kubas systems; there is reduction in the electron
density at the BCP of the H, molecule from the free H, molecule
BCP value of 0.256 ¢ bohr™>, but not quite as much as with the
classically Kubas systems. Table 1 also shows that, in general,
the electron density at the H-H BCPs increases as the number of
bound H, units increases. This is in line with the general
reduction of the calculated M—H, interaction energy as more H,
are bound.

Previously, in our studies of the V(i) hydrazine linked gel'’
and the Ti(m) sites of the silica based systems,'* we found that
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Fig. 9 The partial charge on the Cr as a function of the number of H,
molecules bound for a four coordinate BSR with a hydride ancillary
ligand.
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Fig. 10 The partial charge on the Ti as a function of the number of H,
molecules bound for a four coordinate BSR with a hydride ancillary
ligand.

the Kubas interaction was dominated by the c-donation from the
H, to the metal such that the partial charge on the metal reduced,
in most cases, upon binding H,. This is also the case for the
BSRs of the experimentally realised Cr(i1) system where out of
all of the combinations of ancillary ligands and methods of cal-
culating the partial charge, in 15 cases the partial charge on the
metal reduces as more H, molecules are bound and in only five
cases the partial charge increases (Table S27). For example, the
partial charge on the Cr in the four coordinate binding site with a
hydride ancillary ligand is shown in Fig. 9. However, when the
metal is altered computationally to Ti or V the partial charge
neither decreases nor increases significantly in most cases,
suggesting a balance between the two synergic components of
the Kubas bond. Examples for four coordinate BSRs with Ti or
V with a hydride ligand are shown in Fig. 10 and 11 respect-
ively. An increase in the m back-bonding component of the
Kubas interaction might be expected in M(i1) vs. M(ir), and also
that the effect would be smallest for Cr(i), due to the stabilis-
ation of the 3d orbitals across the periodic table. This is illus-
trated in Table 2; the occupied orbitals that interact with the H,
molecule are generally the two lowest d-based orbitals for all of
the metals, and those for Cr are much lower in energy than those
of Ti or V. The more stable the d-based MOs, the less they will

1.4 4
1.2 4 = "
1
% 0.8 4 .
5 .
S 0.6 1
S04 4
E + ADF Mulliken
0.2 4 :
o = ADF Voronoi 2 A
0 +— 4 ADF Hirshfeld - >
o020 " Gaussian Mulliken 1 2
' = AIM
04 - Number of H, units

Fig. 11 The partial charge on the V as a function of the number of H,
molecules bound for a four coordinate BSR with a hydride ancillary
ligand.

Table 2 Energies of metal d-based molecular orbitals of four
coordinate BSRs with either bis[(trimethylsilyl)methyl] or hydride
ancillary ligands, as a function of metal and number of bound H,
molecules

Bis[(trimethylsilyl)-

methyl] Hydride
No H2 1 H2 No H2 1 H2
Metal Orbital bound bound bound bound
Ti LUMO -1.50 -1.27 —1.31 —1.28
HOMO -2.27 -2.34 -2.15 -2.24
HOMO-1 -2.34 -2.50 -2.23 -2.52
\'% LUMO —1.41 —1.18 —1.31 —1.28
HOMO -2.66 -2.54 -2.40 -2.54
HOMO-1 -2.70 —2.84 -2.70 -2.84
HOMO-2 -2.85 -2.92 -2.86 -2.92
Cr LUMO -1.10 -1.23 -1.09 -1.31
HOMO -2.87 -2.95 —2.86 -2.76
HOMO-1 -3.60 -3.85 -3.57 -3.19
HOMO-2 -3.70 -3.73 -3.77 -3.58
HOMO-3 -3.78 -3.80 —3.88 -3.93

interact with the LUMO of the H, molecule (+0.72 e¢V) and the
smaller the n-back-donation component of the M—H, bond.

In previous work'” we have examined the AIM bond paths
formed between the H, molecules and the metal centres. It
would be expected that there would be a bond path between the
H atoms, two bond paths from the metal (one to each of the H
atoms) and that at the centre of this triangle there would be a
ring critical point. However, for every M/H, system we have
studied, we have found a bond catastrophe in which the ring
critical point and the bond critical points are so close together
that a ring critical point and one of the bond critical points
cancel each other out,'” as observed previously by Sparkes et al.
for the interaction of a C=C double bond with a metal.*® Thus,
there is only one bond path between the metal and one of the H
atoms. We have used this bond path to assess the balance of
n-back-donation and o-donation in the Kubas interaction; if the
bond path lies mainly on the straight line between the metal and
the BCP of the H-H bond, then we concluded that the bond is
dominated by o-donation, but if the bond path is curved away
from this line there is a larger n-back-donation component to the
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bond. We have attempted a similar analysis of the molecular
graphs of the present targets, but unfortunately no clear cut
pattern emerged to give a clear indication of the effect of altering
the metal on the extent of m-back-donating versus o-donating
components of the M—H, bonds. Selected molecular graphs are
given in the ESI (Fig. S1 and S27).

4 Conclusions

The Cr(i) binding sites of an experimentally realised hydrazine
linked hydrogen storage material have been studied computation-
ally and the experimental results have been reproduced reason-
ably well. This includes the rise in H, binding enthalpy upon
alteration of the ancillary ligand from bis[(trimethylsilyl)methyl]
to hydride (—17.86 to —51.58 kJ mol ™', vs. —28.33 to —48.52 kJ
mol ™" computationally) and the number of H, molecules per Cr
centre.

The study has been extended to Ti(u1), V(i) and Mn(1). It was
not possible to bind any H, to the latter and hence we predict
that Mn(11) based hydrogen storage materials would not perform
well. However, Ti(11) and V(i1) based systems seem more promis-
ing as more H, molecules could be bound to these binding site
representations than for Cr(i), suggesting that future experiments
should focus on the earliest 3d metals. Indeed, calculations for
V(1) and Ti(ur) suggest 5 and 7 wt%, respectively. Alteration of the
metal did not have a large effect on the M—H, interaction energy.

The study was also extended to investigate the effect of alter-
ing the ancillary ligand bound to the metal centre, from bis[(tri-
methylsilyl)methyl] or hydride to two hydride ligands, THF and
only N-donor ligands. As in our previous work on M(i)
systems,'*!” it was found computationally that the ancillary
ligands that are poor m-acceptors, such as hydrides, give stronger
M-H, interactions as more of the metal’s electron density is
available to back donate to the incoming H,. The M—H, inter-
action energies therefore reduced with the ancillary ligand in the
order two hydrides > hydride > hydrazide > THF = bis[(tri-
methylsilyl)methyl].

Strong evidence is found that the M—H, interaction is Kubas
type. We have identified orbitals showing the synergic com-
ponents of the Kubas bond, i.e. 6-donation from H, to the metal
and m-back-donation from the metal to the dihydrogen, and AIM
analysis indicates that the electron density at the bond critical
points of the bound H, is similar to that of classical Kubas
systems. Previously, with Ti(m), V(i) and Cr(in) systems, we
found that the M—H, Kubas interaction is dominated by o-
donation from the H, to the metal. This is also the case for the
present Cr(1r) systems but is more balanced between c-donation
and m-back-donation for the Ti(i) and V(i) analogues. This
difference in behaviour is traced to a lowering in energy of the
metal 3d orbitals across the transition series.
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