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Splitting of multiple hydrogen molecules by bioinspired diniobium 
metal complexes: a DFT study 
Felipe Fantuzzi,abc Marco Antonio Chaer Nascimento,*a Bojana Ginovska,b R. Morris Bullockb and 
Simone Raugei*b

Splitting of molecular hydrogen (H2) into bridging and terminal hydrides is a common step in transition metal chemistry. 
Herein, we propose a novel organometallic platform for cleavage of multiple H2 molecules, which combines metal centers 
capable of stabilizing multiple oxidation states, and ligands bearing positioned pendant basic groups. Using quantum 
chemical modeling, we show that low-valent, early transition metal diniobium(II) complexes with diphosphine ligands 
featuring pendant amines can favorably uptake up to 8 hydrogen atoms, and that the energetics are favored by the 
formation of intramolecular dihydrogen bonds. This result suggests new possible strategies for the development of hydrogen 
scavenger molecules that are able to perform reversible splitting of multiple H2 molecules.

Introduction
The search for molecules and materials that are able to bind and split 
molecular hydrogen (H2) has been the focus of intense research for 
decades. Different classes of systems have shown activity towards 
such chemical transformation, including carbon-based materials,1 
frustrated Lewis pairs (FLPs),2 metal hydrides,3 complex hydrides,4 
metal-organic frameworks (MOFs)5 and metal cluster complexes.6 It 
is known that mono- and polynuclear metal complexes and clusters 
are able to store relatively large amounts of hydrogen in the form of 
hydride ligands.7 However, even while recognizing the remarkable 
progress made in recent years, current hydrogen storage materials 
still present large heats of H2 absorption and low volumetric H2 loads. 
The optimum heat of H2 adsorption for effective storage and release 
of the H2 gas at practical temperatures (-40 to +80 oC) and pressures 
(1 to 700 bar) has been estimated to be in the range of 5-12 kcal (mol 
H2)–1.8 These values have been adopted as optimal target for H2 
storage materials by the United States Department of Energy (US 
DOE).9 To the best of our knowledge, no materials have met the H2 
binding enthalpies or capacity metrics set by the US DOE.5a

Herein, we provide design principles for dinuclear coordination 
compounds with improved capabilities for splitting multiple H2 
molecules. We propose to use transition metals capable of stabilizing 
multiple oxidation states, such as Nb, and positioned pendant basic 
groups to stabilize multiple metal hydrides via dihydrogen bonds, 
i.e., intramolecular hydride-proton interactions.10 Indeed, the 

computational investigation reported here shows that low-valent, 
early diniobium(II) compounds could bind and cleave up to four H2 
molecules. Our findings provide inspiration for the design of novel 
hydrogen sponges based on the formation of strong dihydrogen 
bonds.10 

Niobium is known for its very rich redox chemistry, with 
oxidation states ranging from +5 to –3.11 The abundance of Nb in 
some parts of the Earth,12 especially Brazil and Canada, has 
motivated our interest to search for potential applications for this 
metal. Previous work exploring the catalytic activity of Nb have 
shown that this metal is particularly effective towards hydrogen 
splitting7a,13 and shows rich polyhydride chemistry.14-16 Specifically, 
niobium has the tendency to form dinuclear or polynuclear 
complexes,17 which offer the opportunity to bind multiple hydrides. 
In this work, we focus on the experimentally-realized, low-valent 
triply bonded Nb2

4+ core.18 The first examples of low-valent Nb2 
species are the anionic face-sharing bioctahedral complexes of the 
type [Nb2X6(THT)3]2–, X = Cl or Br and THT = tetrahydrothiophene (Fig. 
1a, left), [Nb2Cl5(THT)(py)3]–, py = pyridine, and [Nb2Cl7(PR3)]–, R = 
Me, Et. These complexes feature rather long metal–metal bond 
distances (ca. 2.6-2.7 Å).19 By using chelating anionic ligands, Cotton 
et al. were able to isolate neutral, diamagnetic Nb2L4 compounds 
featuring a paddle-wheel coordination (Fig 1a, center) and 
remarkably short metal–metal bond distances (ca. 2.2-2.3 Å).20 These 
species can form adducts with NaEt3BH and LiCl,20b,21 with only small 
changes in the Nb–Nb bond lengths.22 A series of compounds having 
Nb2

q+ core, q = 4, 6, and 8, were obtained by stabilization with 
calix[4]arene ligands.23 Some of them present activity towards the 
stepwise reduction of dinitrogen to nitride. Dinitrogen cleavage and 
its subsequent conversion into imide species by a [Nb2(μ-H)4(RO3)2]2- 
complex14a  was also observed, which is formally obtained by the 
splitting of two dihydrogen molecules into a Nb2

4+ core and whose 
reactivity shows counterion dependence.14b This compound was the 
focus of a recent and extensive computational study by Luo and 
others.24 A similar neutral Nb2(μ-H)4(ArO)4 compound (Fig 1a, right) 
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is able to reduce CO via hydrogenation and deoxygenation, leading 
to a methylidene-bridged compound.15 Low-valent Nb compounds 
have also shown reactivity towards C–C25 and C–N multiple bonds, 
including intermolecular cycloaddition of alkynes and nitriles,26 
reductive nitrile coupling,27 unorthodox mixed η2(3e)-nitrile/η2(3e)-
alkyne coordination,28 and metal–metal cleavage by nitriles to form 
mononuclear Nb(V) imido species.29

Here we report an extensive exploration of the free energy 
landscape of multiple H2 activation and splitting by Nb2

4+ with 1,5-R-
3,7-R'-1,5-diaza-3,7-diphospha-cyclooctane (PR

2NR´
2) ligands (I, see 

Fig. 1b) in acetonitrile (CH3CN) solution. PR
2NR´

2 ligands have been 
successfully used in the development of Ni (II and II.H2, see Fig. 1b)30 
and Fe31 electrocatalysts for hydrogen oxidation and production. The 
incorporation of amine groups next to the metal center is a common 
functionality of bioinspired synthetic catalysts mimicking the diaza 
bridge of the catalytic cofactor of [FeFe]-hydrogenases.32 In the case 

of bimetallic polyhydride compounds, the presence of pendant 
amines could enhance the number of active H2 molecules through 
the formation of distinct hydride-proton interaction pairs. Such 
intramolecular interactions could be formed between (i) the pendant 
amine proton and a bridging hydride, (ii) the pendant amine proton 
and a terminal hydride, or (iii) in a three-center proton-dihydride 
fashion. While similar examples of (i) and (ii) are commonly found in 
the literature,33 only the intermolecular version of (iii) has been 
observed up to now, as in the case of the NH∙∙∙H2Re interaction 
reported by Wessel and co-workers.34 

The coordination of the (PR
2NR´

2) ligand to the metal through the 
P atoms leads to the formation of two six-membered rings, which 
adopt either chair or boat conformations. Protonation of a pendant 
amine of a ring in a chair conformation favors chair conformers 
stabilized by intramolecular NH∙∙∙N hydrogen bonding (exo 
protonation),30a which are detrimental for the formation of the 
desired dihydrogen bonds. On the other hand, protonation of six-
membered rings in a boat conformation leads to N–H moieties that 
are oriented toward the metal center. Only these pendant amines 
are properly positioned to produce dihydrogen bonding with 
bridging and terminal hydrides (endo protonation). In order to design 
compounds that could activate multiple H2 molecules using such 
intramolecular interaction, the six-membered rings containing 
participating pendant amines are retained in boat conformations, 
while the spectator ones are in chair conformations (see II.H2 of Fig. 
1 for an illustration of such structures). In bona fide catalysts, the 
preference for boat over chair conformation can be tuned by 
changing the nature of the substituents on both phosphorus and 
nitrogen.35 For computational simplicity, herein we focus on methyl 
substituted ligands (PMe

2NMe
2).

Computational Details
We performed geometry optimizations and Hessian calculations at 
the B3LYP36 -D3(BJ)37/def2-SVP38 level of theory. For the optimized 
structures, we performed additional single-point calculations using 
B3LYP-D3(BJ) and M0639-D3 with the def2-TZVPP basis set. Solvent 
effects were considered using the integral equation formalism 
polarizable continuum model (IEFPCM, solvent: acetonitrile, ε = 
35.688).40 Previous computational studies have been reported 
where B3LYP was satisfactorily used to describe the geometries and 
electronic structures of Nb2

4+ core compounds.41 Indeed, the 
computation of experimentally known diniobium systems performed 
by us at the B3LYP-D3(BJ)/def2-SVP level of theory also indicated a 
very good agreement between experiments and theory (see Table 
S15). Additionally, previous work from us and others showed that the 
computational setup adopted herein is appropriate to study 
hydrogen uptake and splitting by a variety of transition metal 
complexes.24,30,31,42 In this regard, we point out the recent 
benchmarking study of H2 uptake developed by Veccham and Head-
Gordon,42f who recommended the combination of empirical 
dispersion corrections and def2-TZVPP basis set for improving the 
performance of B3LYP. In all our calculations the 28 core electrons of 
Nb were described using the quasi-relativistic effective core potential 
def2-ECP.43 The Gibbs free energies at 298.15 K of all species were 
calculated by combining the electronic energies from the single point 

Figure 1 a) Left: the anionic [Nb2Cl6(THT)3]2– species;19a 
middle: the paddle-wheel Nb2(hpp)4 complex,20a hpp = 
1,3,4,6,7,8-hexahydropyrimido[1,2-a]pyrimidinate; Right: the 
tetrahydride Nb2(μ-H)4(ArO)4 compound.15 b) Left: the 1,5-R-3,7-
R'-1,5-diaza-3,7-diphosphacyclooctane ligand I, with 
conformations that lead to endo (top) and exo (bottom) 
coordination after metal complexation; middle: a Ni(II) 
bioinspired diphosphine-based electrocatalyst II,30 in which both 
ligands are in the endo configuration. Right: endo-endo isomer 
of II.H2 featuring two N–H bonds and a Ni(0) center.30 c) starting 
[Nb2(CH3CN)m(PMe

2NMe
2)n]4+ (2, n = 2, m = 4; 3, n = 3, m = 2 ; 4, n 

= 4, m = 0) optimized structures used for the study of  hydrogen 
uptake and splitting. Niobium: green; phosphorus: orange; 
nitrogen: blue; carbon: gray.

Page 2 of 11Dalton Transactions



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

calculations with the thermochemical corrections based on harmonic 
vibration frequencies obtained at the same level of theory used for 
geometry optimization. In addition, we included a free energy 
concentration correction of ∆G0→* = RTln(24.46) = 1.89 kcal mol–1 for 
all species in order to account for the change in standard states in 
going from gas phase (1 atm) to the condensed phase (1 M), and to 
properly describe associative/dissociative steps.44 For acetonitrile, a 
standard state concentration of 19.15 mol L–1 was used, leading to a 
total correction of ∆G0→* = 3.64 kcal mol–1. All systems were 
described at their singlet states using spin-restricted wave functions. 
Additional spin-unrestricted calculations considering initially 
antiferromagnetic coupled metal centers converged to the spin-
restricted solutions, while calculations for higher multiplicities 
(triplet and quintet) converged to high-energy states.  

The formation of mono-, di-, tri- and tetra-substituted Nb2Ln
4+ 

species in CH3CN solution, as well as their propensity to bind and 
cleave H2, was evaluated by calculating the free energy of the 
reaction shown in eq. 1 for several number of ligands (n), 
coordination solvent molecules (m) and bound H2 molecules (k). We 
will refer to this energy as the free energy of complex formation, ∆Gb.

[Nb2(CH3CN)8]4 + + 𝑛L + 𝑘H2→[Nb2(CH3CN)𝑚(L)𝑛(H2)k]4 +   +
 (8 ― 𝑚) CH3CN                     (1)

Corrections for basis set superposition error (BSSE) were not 
taken into account as we find that a good compromise between 
accuracy and computational cost is obtained by using counterpoise-
uncorrected interaction energies calculated with def2-TZVPP.42f The 
quantities obtained using either B3LYP-D3(BJ) or M06-D3 functionals 
are in reasonable agreement. Therefore, unless otherwise stated, all 
energy values are the ones obtained at the B3LYP-D3(BJ) level.  The 
calculations were carried out using Gaussian 16, Revision B.0145 after 
pre-optimization in NWChem 6.8.46 Images of 3D structures and plots 

of frontier Kohn-Sham molecular orbitals (MOs) were obtained using 
CYLview47 and Gaussview, respectively.

Results and Discussion
Molecular Design of the Starting Structures

Figure 2 Lowest free energy isomers of 
[Nb2(CH3CN)6(PMe

2NMe
2)n]4+ (n = 1) calculated in acetonitrile at 

the B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP level of 
theory. Relative free energies in kcal mol–1 are given in 
parentheses. 

Figure 3 Frontier Kohn-Sham MOs of 
[Nb2(CH3CN)m(PMe

2NMe
2)n]4+ (2, n = 2, m = 4; 3, n = 3, m = 2 ; 4, n 

= 4, m = 0) calculated at the B3LYP-D3(BJ)/def2-TZVPP//B3LYP-
D3(BJ)/def2-SVP level of theory.
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We started our computational investigation by building model 
diniobium systems using the paddle-wheel complex Nb2(hpp)4 (see 
Fig. 1c) as a structural template. Each of the Nb–N bonding 
interaction in Nb2(hpp)4 was replaced by coordinating CH3CN 
molecules, leading to [Nb2(CH3CN)8]4+. Additional calculations 
indicated that this is indeed the most stable diniobium species in 
neat acetonitrile (see section S1 for details), and therefore was used 
as reference state in the ∆Gb calculations. We found that the 
[Nb2(CH3CN)8]4+ complex can give rise to a very rich speciation 
chemistry, as it can coordinate two (n = 2), three (n = 3) and four (n 
= 4) diphosphine ligands L in several distinct manners. We then 
performed a thorough exploration of the harmonic free energy 
landscape of the [Nb2(CH3CN)m(PMe

2NMe
2)n]4+ compounds, and 

identified the most abundant species present in acetonitrile solution 
by using eq. 1 and considering k = 0. Starting from [Nb2(CH3CN)8]4+, 
we replaced two of the CH3CN molecules by one diphosphine ligand 
PMe

2NMe
2, leading to [Nb2(CH3CN)6(PMe

2NMe
2)]4+ (1a-d, Fig. 2). We 

found four distinct isomers of 1, the most stable (1a) having PMe
2NMe

2 
as a bridging ligand in a tridentate 1κ2-P,2κ1-N binuclear coordination 
type, where κ describes the denticity of the ligand. In this case, the 

phosphorus atoms of each ligand are coordinated to the same Nb 
center, while the pendant amine coordinates to the other Nb center. 
By progressively replacing the other coordinating solvent molecules, 
we obtained the complexes 2 [Nb2(CH3CN)4(PMe

2NMe
2)2]4+, 3 

[Nb2(CH3CN)2 (PMe
2NMe

2)3]4+ and 4 [Nb2(PMe
2NMe

2)4]4+ (Fig. 1). In fact, 
the sequential displacement of two coordinating CH3CN molecules 
by one PMe

2NMe
2 ligand produced the complexes with most negative 

∆Gb values (see Tables S3, S5 and S12), revealing that 2-4 are the best 
starting structures among the ones obtained herein for investigating 
multiple hydrogen splitting. In these systems, at least one of the 
diphosphine ligands binds to the Nb2

4+ core in the same coordination 
mode as the one in 1a. Additional isomers of 2-4 that were obtained 
by our calculations are also depicted in sections S4-S12.

Fig. 3 shows the structures and the relevant frontier Kohn-Sham 
MOs of complexes 2-4. In 2, both PMe

2NMe
2 ligands are coordinated 

to the metal dimer in the tridentate 1κ2-P,2κ1-N binuclear 
coordination type also featured in 1a. Examples of similar 
coordination of the pendant base have been observed for Mn48 and 
Cr49 mononuclear metal complexes, resulting in stable κ3 systems, 
while for Ni and Co this feature has not been observed. Moreover, κ3 

Figure 4 Optimized structures of the most stable [Nb2(CH3CN)m(PMe
2NMe

2)n(H2)k]4+ isomers of 2.(H2)k (n = 2, m = 4), 3.(H2)k (n = 3, m = 
2) and 4.(H2)k (n = 4, m = 0), with k = 1-4, at the B3LYP-D3(BJ)/def2-SVP level of theory. The number of hydrides and protons of each 
structure after multiple H2 splitting is also shown. 2.H8 features a dihydrogen ligand coordinated to one of the niobium atoms (see text 
for details).
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binding of an azadithiolate ligand was also found in a [FeFe]-
hydrogenase model complex, as reported by Rauchfuss and co-
workers.50

The acetonitrile ligands in compound 2 are coordinated to each 
Nb center in equatorial positions. In principle, the binding of H2 could 
be achieved by an initial dissociation of either the pendant amine or 
one of the coordinating acetonitrile molecules. While examples of 
isomers featuring H2 binding after dissociation of acetonitrile groups 
were found (e.g. 2.2), our attempts to optimize complexes featuring 
H2 after pendant amine dissociation failed. In this case, they 
converged to a system featuring an NH∙∙∙HNb interaction whose free 
energy is 47.5 kcal mol–1 above 2.H2 (see structure (2.H2)b in section 
S5). This result suggests that most likely the first H2 addition in 2 is 
preceded by an initial acetonitrile dissociation as we discuss later. 

The very short Nb–Nb bond distance (2.37 Å) in structure 2 is in 
the range of the Nb2L4 complexes featuring metal–metal triple 
bonds. The triple bond character of Nb–Nb is also supported by the 
frontier Kohn-Sham MOs, for which the HOMO and HOMO-1 are 
heavily centered on the π space of the Nb2 moiety, while HOMO-2 is 
a σ-type orbital lying on the intermetallic vector. 

The lowest free energy isomer of [Nb2(CH3CN)2(PMe
2NMe

2)3]4+ (3) 
presents a mixed phosphine-to-metal coordination. One ligand binds 
to the two Nb centers in a tridentate 1κ2-P,2κ1-N binuclear 
coordination type as in 2, whereas the other two ligands are 
coordinating the metals in a bidentate κ2-P mononuclear fashion, 
similarly to the one in 1c. The additional acetonitrile ligands bind to 
the same Nb atom. This leads to an asymmetric coordination 
environment for each metal center, with the presence of tetra- and 
penta-coordinated metal centers. The Nb–Nb bond distance (2.34 Å) 
is just slightly shortened in comparison to 2 and, as in the previous 
case, the shape of the frontier Kohn-Sham MOs also suggests that 
the metals are triply bonded.

The most stable isomer with four PMe
2NMe

2 ligands, 
[Nb2(PMe

2NMe
2)4]4+ (4), also features one diphosphine in the 

tridentate 1κ2-P,2κ1-N bridging mode, while the remaining 
isomers have bidentate κ2-P ligands. Isomers in which the four 
diphosphines behave as κ2-P ligands or in which two of the 
diphosphines coordinate the bimetallic moiety in the 1κ2-P, 2κ1-
N bridging mode were not found. The Nb–Nb bond is slightly 
elongated to 2.41 Å, most likely due to steric repulsion from the 

Figure 5 Thermochemical profile of multiple H2 splitting on [Nb2(CH3CN)m(PMe
2NMe

2)n]4+ (top: 2, n = 2, m = 4; middle: 3, n = 3, m = 2; 
bottom: 4, n = 4, m = 0), following the most stable [Nb2(CH3CN)m(PMe

2NMe
2)n(H2)k]4+ isomers for each stoichiometry. Panels on the left 

show the ∆H values for B3LYP-D3(BJ)/def2-TZVPP+PCM and M06-D3/def2-TZVPP+PCM (298.15 K) with respect to the number of H2 
molecules (structures were optimized at B3LYP-D3(BJ)/def2-SVP). Panels on the right show the respective ∆G values obtained at the 
same levels of calculation.
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phosphine groups. Nevertheless, it still is in the range of a triple 
bond, which is also supported by the frontier Kohn-Sham MOs.

Multiple hydrogen splitting by 2-4

All of the [Nb2(CH3CN)m(PMe
2NMe

2)n]4+ species discussed above are 
able to uptake and break the H–H bond of four H2 molecules. Many 
different isomers differing in the location of the hydrogen atoms are 
possible. Upon uptake of H2, association and dissociation of PMe

2NMe
2 

ligands are possible, which can give rise to complex speciation 
equilibria in acetonitrile solution. We found that the Nb2 core can 
accommodate up to four hydrides in bridging positions, or up to six 
hydrides considering both bridging and terminal positions. The 
pendant amines can host up to four protons. Based on previous 
studies on mononuclear doubly protonated [Ni(P2

RN2
R')2]0 

complexes, we are expecting equilibria between various isomers, 
which involves intra- and inter-molecular 
protonation/deprotonation steps.30a,51 In the present study, we 
limited our focus on the identification of the possible lowest-free 
energy isomers. Possible speciation pathways will be discussed based 
on simple thermodynamic arguments.

We start by discussing the various hydride coordination motifs 
and dihydrogen bonding featured in the 
[Nb2(CH3CN)m(PMe

2NMe
2)n(H2)k]4+ complexes, as shown in Fig. 4. We 

will do this by focusing on the complexes with n = 2, 3, and 4 after 
the uptake of three and four H2 molecules (k = 3 and 4, respectively), 
as they provide an illustration of the rich variety of possible bonding 
motifs in this class of complexes. This discussion is accompanied by 
the DFT calculated enthalpies and free energies at 298.15 K of each 
hydrogenated species with respect to their respective isolated 
diniobium complexes and H2 molecules in acetonitrile solution, as 
depicted in Fig. 5. 

The most stable isomer of 2 upon uptake of three H2 molecules, 
2.H6, is the tetrahydride species with two protonated amines. All of 
the hydrides are bridging the two metal centers, reducing the Nb–Nb 
bond order and leading consequently to an increase in the metal–
metal bond distance to 2.60 Å. Additionally, formation of the 
tetrahydride motif causes the loss of the pendant amine N 
coordination. The two N–H bonds in 2.H6 point towards the bridging 
hydrides, and the proton–hydride distances of d(H∙∙∙H) ~ 1.60 Å 
suggest presence of two dihydrogen bonds. This value is just 
moderately larger than the remarkably short H∙∙∙H distance of 1.49 Å 
observed for an [FeFe]-hydrogenase model, as revealed by neutron 
diffraction,52 and by far shorter than the sum of the van der Waals 
radii of the H atoms (2.4 Å). The ΔH of 2.H6 is more negative than the 
one of 2 by 5.6 kcal mol–1, which indicates that the polyhydride 
formation assisted by dihydrogen bonding is able to compensate for 
the loss of two Nb–N bonds. However, due to entropic reasons, the 
ΔG of this process is positive by 12.0 kcal mol–1, indicating that 
addition of the third H2 molecule to 2 is not favorable. Addition of a 
fourth H2 molecule to 2.H6 leads to 2.H8, located 33.1 kcal mol–1 
above 2. The system contains three bridging hydrides, one terminal 
hydride, two protonated amines and a dihydrogen moiety. The Nb–
Nb bond length is 2.77 Å, in the range of a single bond.19c No other 
bonded structure was found with such stoichiometry. 

Complex 3 can accommodate six H atoms (three H2 molecules, 
3.H6) while retaining the tridentate 1κ2-P,2κ1-N coordination. 
Complex 3.H6 features two bridging hydrides, two terminal hydrides 
(one on each metal center), and one protonated amine. An NH∙∙∙HNb 
distance of 1.53 Å is observed, indicating the presence of dihydrogen 
bonding, which might contribute to the ∆H lowering of 12.8 kcal  mol–
1 from 3.H4. On the other hand, the κ3 coordination motif in 3.H8 is 
broken, and the fourth H2 binds across the ancillary Nb–N bond. As a 
consequence, a slightly distorted three-center dihydride-proton 
interaction is observed, with NH∙∙∙H2Nb bond distances of 1.62 and 
1.64 Å. Activation and splitting of three and four H2 molecules are 
favorable by ΔG = –15.9 and –3.2 kcal mol–1, respectively. The uphill 
character of the fourth H2 addition in 3 could be attributed mainly to 
the breaking of the Nb–N bond, and to the fact that the stabilizing 
contribution of the subsequent dihydrogen bonding is not able to 
compensate for the unfavorable energetics of this bond dissociation. 

Complex 4.H6 has C2 symmetry and can host up to four bridging 
hydrides and two protonated amines, which interact via strong two-
center dihydrogen bonds with the hydrides (d(H∙∙∙H) = 1.76 Å). The 
ΔH of this complex is –60.7 kcal mol–1, and its formation from 4 is 
favorable by ΔG = –40.2 kcal mol–1. The addition of a fourth H2 
molecule causes the migration of one bridging hydride to a terminal 
position and the protonation of all four pendant amines. As a 
consequence, 4.H8 has four dihydrogen bonds: three of them 
involving bridging hydride and an N–H proton, and the remaining one 
coming from a terminal hydride/(amine) proton interaction. The 
transformation of 4.H6 to 4.H8 is uphill by 22.8 kcal mol–1, following 
the increase in the enthalpy of 14.1 kcal mol–1, probably due to the 
breakage of the [Nb2(μ-H4)] bonding motif. However, the formation 
of 4.H8 from 4 is still quite favorable (ΔG = –17.4 kcal mol–1), 
suggesting the viability of obtaining such hydrogen-rich system.

Lowest energy pathway from ∆Gb calculations

Figure 6 Speciation free energy landscape of 
[Nb2(CH3CN)m(PMe

2NMe
2)n(H2)k]4+. Gray bars indicate high energy 

species, while the colored bars show intermediates involved in 
the lowest free energy pathway from 2 (n = 2, m = 4, k = 0) to 
4.H8 (n = 4, m = 0, k = 4). Blue: species with n = 2; green: species 
with n = 3; red: species with n = 4. Energies were obtained at the 
B3LYP-D3(BJ)/def2-TZVPP+PCM level following eq. 1.
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From the free energies of complex formation (∆Gb), it is possible to 
build a 3D bar diagram (Fig. 6) that shows the speciation of the 
diniobium systems in acetonitrile solution with respect to the 
number and type of coordinating molecules. In this plot, each bar 
represents the ∆Gb of a particular species calculated according to eq. 
1. The higher the bar, the less probable is the formation of the 
intermediate. The number of H2 molecules uptaken (k = 0-4) and the 
number of PMe

2NMe
2 ligands (n = 2-4) are indicated on the x and y axis, 

respectively. The resulting free energy map can be used to predict 
possible low-energy reaction pathways for the uptake of H2 
molecules by this class of Nb complexes.30c While this approach does 
not address the kinetic feasibility of each individual chemical step, it 
provides a lower bound of the activation barrier for any possible 
transformation connecting two species in free energy map.

The most stable species in acetonitrile solution for k = 0 is 2. 
Starting from this species, we analyze the pathway that connects the 
lowest-energy intermediates for multiple H2 activation. The 
replacement of two MeCN in 2 by a diphosphine ligand, leading to 3, 
is followed by an increase of ∆(∆Gb) = +9.5 kcal mol–1. However, the 
attachment of the first H2 leading to 2.H2 is exoergic, with ∆(∆Gb) = –

17.4 kcal mol–1. Therefore, our results suggest that the first step 
should be H2 addition to 2. A similar consideration indicates that the 
next step is the nearly isoergic conversion of 2.H2 into 3.H2, with 
∆(∆Gb) = –0.4 kcal mol–1. Addition of a fourth diphosphine ligand 
leads to 4.H2, ∆(∆Gb) = –2.8 kcal mol–1, which then favorably binds a 
second H2 (∆(∆Gb) = –11.9 kcal mol–1) yielding 4.H4. The latter can 
uptake a third H2 in a nearly isoergic reaction (∆(∆Gb) = –0.6 kcal mol–
1), producing 4.H6. Among all structures, this is the one with the most 
negative free energy of complex formation. Its conversion to 4.H8 
after a fourth H2 uptake is uphill by ∆(∆Gb) = +22.7 kcal mol–1. 
Although this step is unfavorable, the formation of 4.H8 is still 
exoergic with respect to 2, with ∆(∆Gb) = –10.4 kcal mol–1. 

The lowest free energy pathway for multiple hydrogen 
addition, together with the energetics involved in the 
transformation of 2 to 2.H2 following H2 addition, are depicted 
altogether in Fig. 7. As can be seen, the highest free energy 
value is related to the formation of the dihydrogen complex 2.2 
after acetonitrile dissociation (+27.3 kcal mol–1 above 2). 
Addition of the subsequent H2 molecules takes advantage of the 

Figure 7 Free energy profile of the lowest-energy pathway of [Nb2(CH3CN)m(PMe
2NMe

2)n(H2)k]4+ connecting 2 (n = 2, m = 4, k = 0) and 
4.H8 (n = 4, m = 0, k = 4). Black curve: B3LYP-D3(BJ)/def2-TZVPP+PCM; red curve: M06-D3/def2-TZVPP+PCM (structures were optimized 
at B3LYP-D3(BJ)/def2-SVP). L = the diphosphine ligand PMe

2NMe
2.
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very favorable conversion of 2 to 2.H2, which helps overcome 
any further unfavorable step for multiple hydrogen splitting.

Conclusions
In summary, we have illustrated a novel strategy for activating 
and splitting multiple H2 molecules, which makes use of 
complexes capable of stabilizing multiple oxidation states, such 
as Nb, and pendant bases in the second coordination sphere. 
Quantum chemical calculations on [Nb2(CH3CN)m(PMe

2NMe
2)n]4+ 

show that this type of molecular platform could allow storing up 
to 8 electrons and 8 protons (four H2 molecules). The highest 
hydrogen-to-metal ratio (4:1) of the systems studied herein is 
achieved by either accumulating four hydrides on the Nb2

4+ 
moiety and four protons on the pendant amines, or six hydrides 
on the Nb2

4+ moiety and two protons on the pendant amines. In 
the case of [Nb2(CH3CN)2(PMe

2NMe
2)3]4+ and [Nb2(PMe

2NMe
2)4]4+ 

uptake of up to four H2 molecules is thermodynamically 
favorable. Formation of stable hydrides is clearly undesired for 
hydrogen storage as it hampers its release. Ideally, one would 
like to have nearly isoergic accumulation of protons and 
electrons. As demonstrated by the vast body of our work,30d the 
diaza-diphosphine ligands adopted here can be easily 
functionalized by changing the substituents on the P and N 
atoms, facilitating the tuning of the hydricity and acidity of the 
protonated metal centers and the acid/base properties of the 
pendant amines. Consequently, this allows for a fine tuning of 
the relative energetic of possible proton/electron accumulation 
intermediates. Future research should be devoted to design 
ligand sets that nearly flatten the free energy landscape of Fig. 
6.30c
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