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Abstract:

 The hydridic character of octahedral metal hydride complexes of group VI, VII and VIII has been 

systematically studied using molecular electrostatic potential (MESP) topography. The absolute minimum 

of MESP at the hydride ligand (Vmin) and MESP value at the hydride nucleus (VH) are found to be very 

good measures of the hydridic character of the hydride ligand. The increasing/decreasing electron 10 

donating feature of the ligand environment is clearly reflected on the increasing/decreasing negative 

character of Vmin and VH. The formation of an outer sphere metal hydride-water complex showing H...H 

dihydrogen interaction is supported by the location and value of Vmin near the hydride ligand. A higher 

negative MESP suggested lower activation energy for H2 elimination. Thus, MESP features provided a 

way to fine tune the ligand environment of a metal-hydride complex to achieve high hydridicity for the 15 

hydride ligand. The applicability of MESP based hydridic descriptor in designing water splitting reactions 

is tested for group VI metal hydride model complexes of tungsten.  

Introduction  

 Transition metal hydride complexes play an important catalytic 
role in a variety of synthetically important reactions as well as in 20 

biological reactions.1-6 Several transition metal hydride 
complexes catalyse dihydrogen formation in the presence of 
reducing agents.7-13 Recently, Milstein et. al. reported the 
discovery of a monomeric aromatic pincer Ru(II) hydride catalyst 
for water splitting reaction.14 This catalyst activates the O-H bond 25 

for water splitting through aromatization-dearomatization steps 
involving a PNN pincer ligand and the metal center.15, 16 
Mechanistic studies from our group have shown that the hydride 
ligand of the Milstein catalyst facilitates H...H dihydrogen 
interaction with water molecule leading to an outer sphere 30 

mechanism for H2 elimination.17  Similarly, hydride donor ability 
has been invoked to explain the reaction of 
W(H)(NO)(CO)(PMe3)3 with various alcohols,  under mild 
condition to liberate dihydrogen.18    Very recently we have 
shown that H...H dihydrogen bonded complexes are reactant 35 

species in the associative and migratory insertion mechanisms of 
MH(NO)(CO)2(PH3)2,  MH(NO)(CO)(PH3)3 and 
MH(NO)(CO)(PH3)4 (M = Cr, Mo and W) complexes for H2 
elimination.19 Peruzzini et al studied the dihydrogen interaction 
between the metal hydride complexes [(tBuPCP)Ni(H)] and  40 
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[CpW(H)(CO)3](
tBuPCP=2,6- C6H3(CH2P

tBu
2)2)  and  reported the 

evolution of H2 upon the increase in reaction temperature.20 The 
H2 elimination is also reported for four-, five- and seven-50 

coordinated transition metal hydride complexes.21-23 In the case 
of four-coordinated complex of CpRu(dppe)H (dppe = 
Ph2PCH2CH2PPh2) with HA (A = acceptor), an equilibrium 
between dihydrogen bonded complex and cationic dihydrogen 
complex has been monitored at low temperature by NMR 55 

spectroscopy.24 It is noteworthy that such systems are precursor 
for (η2-H2) Kuba’s dihydrogen complexes.25 Moreover, these 
dihydrogen complexes are potential candidates for hydrogen 
storage applications, crystal engineering, catalyst designing and 
many other applications.26, 27   60 

 The present study mainly focuses on the analysis of molecular 
electrostatic potential (MESP) and its topography in metal 
hydride complexes. MESP features have been successfully 
employed to understand many important fundamental problems 
in chemistry.28-31  For example, MESP is used for the study of the 65 

site for electrophilic or nucleophilic attack, intermolecular 
reactivity, non covalent interaction, electronegativity of elements, 
substituent effects and various chemical phenomena.32-37 Gadre et 

al. derived MESP topographical features for probing the 
intermolecular distance in hydrogen bonded complexes of the 70 

type D-H…A (D = N, O, B, C, F, S, Cl; A = F).38  Galabov et al. 
used MESP at hydride nucleus for characterizing the reactivity of 
substituted aromatic molecules.39-41 Previously proton affinity, 
thermodynamic and various spectroscopic methods have been 
used to characterize electron donating character of a hydride 75 

ligand of metal hydride complexes.42-45 In the present study a 
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MESP based approach will be presented to characterize the 
hydridic character of a hydride ligand in a metal complex and the 
formation of electron rich hydride ligands in some metal hydride 
complexes will be revealed for the facile liberation of dihydrogen 
from water.  5 

 
Theoretical methods  
 The MESP, V(r) at a point r in atomic units is given by eq. 1 
where ρ(r) is the electronic charge density and N is the total 
number of nuclei in the molecule.29 V(r) is a real physical   10 

quantity                                                 

3N
A

A A

( )
( )

| | | |

Z d r
V

ρ ′ ′
= −

′− −∑ ∫
r

r
r R r r           (1) 

and can either be positive or negative depending upon whether 
the effect of nuclei (first term in eq. 1) or electron (second term in 
eq. 1) dominates over the other. The MESP at the nucleus A of a 15 

molecule (VA) can be obtained by dropping out the nuclear 
contribution due to ZA from eq. 1.29 In MESP topography 
analysis, negative-valued minima appear at the electron rich 
regions of molecules.  In this work, a MESP minimum located 
near a hydride ligand of the metal hydride complexes is denoted 20 

as Vmin and the notation VH is used to represent the MESP value at 
the hydride nucleus. 
 Gaussian09 suite of quantum chemical programs is used for 
performing all the calculations.46 Geometry optimization of all 
the complexes are  performed using the hybrid density functional 25 

B3LYP.47, 48 The LanL2DZ basis set is chosen for transition 
metals which also incorporates the effective core potential (ECP) 
of Hay and Wadt with additional f polarization functions.49, 50 For 
all other atoms, 6-31G(d, p) basis set is selected.51, 52 Further, a 
triple zeta split-valence basis set 6-311++G(d,p) was used for 30 

atoms other than transition metals in single point calculation to 
obtain more accurate description of the activation barrier for H2 
elimination step. All the optimized structures were confirmed as 
either minima or transition state by vibrational frequency 
calculation. All the reported transition states show one imaginary 35 

frequency and all other structures have no imaginary frequency. 
IRC calculations are conducted for confirming the connectivity of 
the transition states to the respective minimum energy 
structures.53 In the case of water adducts, counter poise method 
was used to evaluate the BSSE correction for the interaction 40 

energy.54 Effect of phosphine coordination is mainly modelled 
using PH3 ligand while several test cases have been modelled 
using ligands such as trimethyl-, triethyl-, and triphenyl 
phosphines.   

          Results and Discussion 45 

 The octahedral metal hydride complexes of Mo and W from 
group VI, Mn and Re from group VII and Fe and Ru from group 
VIII given in Fig. 1 are selected for this study. At least one 
phosphine ligand is selected for most of the complexes because 

they have high synthetic applicability in tuning steric and 50 

electronic properties of the complexes.55-58 In the case of Mn 
complexes, various possible combinations of CO and PH3 ligands 
are considered along with chelate 1, 2-bis(phosphino)ethane 
ligands and N2 ligand. Remaining complexes, consists of various 
types of ligands, viz. CN, Cl, F, NO, CH, N2, NCO, CO, SiH3, P- 55 

and N-based bidentate, cyclic NC3H4 and N2C2H4 ligands. The 1 
and 11 contain no phosphine ligand. Most of the synthetically 
known complexes consist of triphenyl/trimethyl/isopropyl 
phosphine ligands while our calculation replaces them with 
unsubstituted phosphine which reduces the computational cost. 60 

For a limited number of tungsten complexes, higher derivatives 
have been computed using bulky triethyl-, trimethyl- and 
triphenyl phosphine ligands. Compounds similar to 1, 2a, 3a, 3b 
and 4a have been reported in the literature18. The 7, 8 and 9 are 
made up of bidentate chelating phosphine ligand.   65 

 Among the complexes reported in Fig. 1, for the higher 
derivatives (with bulky phosphine ligands), the literature shows 
the following aspects on their properties/reactivity. Through 
NMR measurements, they calculated that the effective charge of 
hydride in MnH(CO)4PPh3 (the higher derivative of 2a) is -0.40 70 

e, which was higher than 1. Darensbourg et. al. reported the 
expoxide ring opening by H ligand in the chelated Mn complex 
MnH(dppp)(CO)3 where dppp is 1,3,-bis(diphenylphosphino)-
propane))42. Nietlispach et al. synthesized a series of Re-hydride 
complexes ReH(CO)n(PR3)5-n (n=5, 4, 3, 2, 1 and R = Ph, CH3) 75 

and showed that hydridic character depends on the increasing 
number of phosphine ligand and they undergo insertion reactions 
with CO, CO2, CS2, and ketones.43 Berke et. al studied the 
unusual insertion behaviour in the metal-H bond of chelated 
MoH(dmpe)2NO complex (dmpe = 1,2-bis(dimethyl phosphino-))  80 

with inactive imines44 and argued that the high propensity of the 
dmpe ligand towards imine was due to the chelating effect of cis-
bidentate phosphine ligand which enhanced the hydridic 
character compared to MoH(NO)(CO)2(PR3)2 and 
MoH(NO)(CO)(PR3)3. Abramov et. al. noted that by substituting 85 

PPh3 in place of CO group in system 1 gives higher hydridic 
character to the hydride ligand.59 The MoH(CO)n(PR3)5-n (n = 3, 
2, 0) and WH(CO)n(PR3)5-n (n = 3, 2, 1) complexes have shown 
hydride transfer activity to CO, CO2, CS2, acetylene and 
ketones44, 60, 61 Hillhouse and Haymore synthesised 90 

WH(NO)(CO)2(PR3)2 (R = C6H5 and CH3C6H4) and showed that 
these complexes undergo various type of insertion and 
elimination reactions with small molecules.62 Recently we have 
described the insertion behaviour of water with bis- and, tris- 
phosphine Cr, Mo and W hydride complexes for H2 elimination.19 95 

The enhancement in the hydridic character of a metal hydride 
complex is strongly related to the weakening of the metal-H bond 
and suggests that a metal-H bond is susceptible for various 
reactions such as insertion, elimination, proton donation and 
proton transfer.  100 
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Fig. 1 Schematic representations of group VI, VII and VIII octahedral metal hydride complexes.  
 
Structural features of Mo, W, Mn, Re, Fe and Ru hydride 

complexes 20 

 All the complexes acquired pseudo octahedral geometry (some 
representative structures are listed in Fig. 2), in which most of 
them possess slight inclination of equatorial ligands to the 
hydride ligand (the average ligand-metal-H angle, δ is 85º). The 
metal-H (M-H) distance is found to be in the range 1.506 to 1.897 25 

Å which can be correlated to the position of the metal in the 
periodic table and the associated ligands in the complex (Table 
1). A general trend of increase in M-H distance with increase in 
the size of the metal is observed in each group. The M-H distance 
increases to the maximum for Mo and W complexes and suggests 30 

easy M-H bond dissociation for group VI complexes. Minor 
discrepancies in the general trend  of M-H distance can be 
observed in cases of (Mo, W) complexes such as (31, 37), (33, 
38) and (35, 40).  This can be attributed to variations in the ligand  

 35 

Fig. 2 Structures of a representative set of metal-hydride 
complexes. Bond distance in Å and bond angles in degree. 
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Table 1. Metal hydrogen distance in Å for all the complexes.

Models dM-H models dM-H models dM-H models dM-H models dM-H models dM-H 

1 1.574 5a 1.619 13 1.745 22 1.533 31 1.814 40 1.829 

2a 1.581 5b 1.584 14 1.764 23 1.632 32 1.814 41 1.843 

2b 1.545 6 1.604 15 1.725 24 1.654 33 1.823 42 1.897 

3a 1.592 7 1.575 16 1.755 25 1.605 34 1.838   

3b 1.556 8 1.619 17 1.711 26 1.603 35 1.836   

3c 1.586 9 1.608 18 1.506 27 1.632 36 1.839   

4a 1.570 10 1.606 19 1.530 28 1.609 37 1.812   

4b 1.601 11 1.731 20 1.557 29 1.613 38 1.822   

4c 1.567 12 1.747 21 1.555 30 1.602 39 1.840   

 
environment. If the ligand environment is same as in the case of 
33 and 40, the size of the metal is decisive for the M-H distance. 5 

Another observation is that in complexes having CO in trans 
orientation to  PH3, the M-P distance show significant elongation 
which can be attributed to the mutual trans influence between the 
ligands (eg. 40 in Fig. 2).63  
 10 

MESP features of the representative system 

 In general, negative MESP regions are located in electron rich 
regions of a molecule.29 Since the hydride ligand is negatively 
charged, the M-H region of a metal hydride complex is expected 
to be electron rich. In order to illustrate this, MESP features of 15 

the representative system 31 are presented in Fig. 3. Fig. 3a 
shows a MESP plane passing through M-H and M-NO bonds. 
The violet regions clearly indicate concentration of electrons 
around the hydride ligand as well as around the oxygen of the NO 
ligand. The MESP isosurface depicted in Fig. 3b is useful to 20 

obtain a 3D view of the electron concentration around the hydride 
ligand. The most negative-valued MESP point (Vmin) is also noted 
in Fig. 3b for the hydride and NO ligands. The negative MESP 
region around NO can be correlated to the lone pair region of its 
oxygen.64   25 

 
Fig. 3 Electrostatic potential features of 31. (a) MESP plotted on 
a plane. (b) MESP isosurface plot, value -22.0 kcal/mol (c) 
MESP on van der Waals (value range from -0.02 au (violet) to 
0.02 au (red)). 30 

 
 It is noteworthy that Vmin of the hydride ligand (-25.6 kcal/mol) 
is more negative than Vmin of NO ligand (-21.7 kcal/mol). This 
suggests a highly localized electron distribution around the 
hydride ligand where the electron concentration is higher than the 35 

NO oxygen. The MESP feature showing two Vmin points for the 
hydride ligand indicates a symmetrical distribution of the electron 
density with respect to the P-Mo-P plane. Fig. 3c is the typical 

MESP painted van der Waals surface of the complex wherein the  
 40 

violet region around the hydride ligand appears as the most 
electron rich. For all the metal hydride complexes, negative-
valued Vmin is always observed for the hydride ligand. In the 
following section, Vmin features will be discussed for various 
systems.  45 

 
MESP analysis of Mn Mo, W, Re, Fe and Ru hydride 

complexes  

 The MESP is very sensitive to electronic perturbations in a 
molecule and hence variations in the ligand environment can 50 

cause subtle changes in the MESP value around the hydride 
ligand. This can be easily proved by analyzing the Vmin of all the 
metal hydride complexes (Table 2). For instance, in the case of 
Mn complexes,  1 with five CO groups shows the lowest Vmin -2.7 
kcal/mol while complex 6 having only PH3 ligands shows the 55 

most negative Vmin -34.1 kcal/mol. The drastic change in Vmin can 
be associated to the σ donating power of PH3 ligand compared to 
the electron withdrawing character of CO. The Vmin of 1, 2, 3, and 
4 are -2.7, -12.6, -22.7 and -32.9 kcal/mol, respectively which 
indicates that for substituting every CO by a PH3, Vmin becomes 60 

deeper by ~10 kcal/mol. Similar conclusion is valid for isomers 
of 1, 2, 3, and 4. For instance, Vmin of 2a is -12.5 kcal/mol while 
that of 3b is -22.7 kcal/mol.  Other examples for comparison are 
(3a, 4a) and (4b, 5b). In the case of the three isomers of tris-
phosphine systems 4a, 4b, and 4c, significantly more negative 65 

Vmin is observed for 4c which suggests that equatorial/axial 
orientation of the ligands also play a role in controlling the 
hydridic character. As we move from 3c to 7, enhancement of the 
negative character of Vmin is observed which can be attributed to 
the chelating effect of the bidentate phosphine ligand. The 9 and 70 

8 complexes are very similar except for the axial ligand, the 
former having N2 has Vmin -30.7 kcal/mol while the later having 
CO has Vmin -29.9 kcal/mol. These results suggest that CO and N2 
have similar electronic effect on the hydridic character.  
 The Vmin values clearly suggest that negative MESP around the 75 

hydride ligand undergoes remarkable changes with respect to the 
nature of the metal and its ligand environment. For instance, Re 
complexes show more negative Vmin than Mn complexes. In 
general, going down the group enhances the negative character of 
Vmin.  Among the seven Re complexes, 17 has the maximum 80 

negative Vmin.  The Vmin of 17 is more negative than Vmin of its 
isomer 15 by 5.1 kcal/mol suggesting that the influence  PH3  
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ligand trans to the hydride ligand is more electron donating than 
the trans orienting N2. The 11 exhibits the lowest Vmin (-9.2 
kcal/mol) which can be attributed to the electron withdrawing 
effect of CO ligands. Group VII complexes show a wide range of 
Vmin values due to the inclusion of various electron 5 

withdrawing/donating ligands.  
 On the basis of Vmin, the ligand environment of metal hydride 
complexes can be understood either as electron withdrawing or as 
electron donating. The Vmin of a representative set of Mn and Fe 
complexes are depicted in Fig. 4 along with a MESP isosurface of 10 

value -19.0 kcal/mol. The phosphine, CH, NO, bidentate 
chelating phosphine ligands and amino ligands show large 
negative values for Vmin compared to other ligands. Such ligands 
could be treated as electron donating whereas the metal hydride 
complexes containing CO, Cl, F and SiH3 groups always show 15 

smaller negative Vmin values. These ligands act as electron 
withdrawing and hence a decrease in the hydridic character is 
expected in the corresponding metal hydride complexes. In most 
cases, the donating cis ligands are more useful than trans 
withdrawing ligands for improving hydridic character. For 20 

instance, 20, 21 and 22 complexes have moderate Vmin values 
with electron withdrawing group in the trans position.  
 In the case of tungsten complexes containing bulky triethyl-, 
trimethyl- and triphenyl phosphine ligands, the strong σ-donating 
alkyl substitution on phosphorous is found to enhance Vmin of the  25 

hydride ligand than the Vmin of PH3 ligand (s.i.).  Such bulky 
ligands improve the hydridic character. Since MESP is a one 
electron property, it is well established that the absolute values as 
well as trends in Vmin of molecules are largely unaffected by the 
level of theory and basis set used.65 In order to verify this, Vmin of 30 

a representative set of Ru hydride complexes is evaluated using 
TPSS/aug-cc-pVDZ DFT method. At this level, the magnitude of 
Vmin only slightly decreased and the overall trend of Vmin 
remained unaffected compared to B3LYP results (s.i).  
 The MESP at the hydride nucleus (VH) is also very sensitive to 35 

the ligand environment as well as the metal center as it is varied 
from  -685.2 to -759.1 kcal/mol (Table 2). The most negative and 
the least negative VH are observed for 42 and 1, respectively. In 
the case of Mn complexes, negative character of VH is increased 
with increase in the number of electron donating phosphine 40 

ligands (1 – 6). Very similar observation is also found in Re 
complexes (11 – 17). 

 

                  
Fig. 4 Isosurface plots of MESP (-19.0 kcal/mol) for isomeric 45 

hydride complexes of Mn and Fe.  MESP minimum at the 
hydride ligand (Vmin) in kcal/mol is also shown.  

 
Fig. 5 The correlation between MESP at the hydride nucleus (VH) 

and MESP minimum at the hydride ligand (Vmin) for all metal 50 

hydride complexes. 
 
 Electron donation of the phosphine in the equatorial position 
(cis to hydride ligand) is more effective than that in the axial 
position (trans to hydride ligand). An electron withdrawing ligand 55 

trans to the hydride ligand increases the magnitude of VH. For 
example, in Fe complexes 18 and 19 where trans ligand is Cl¯ and 
F¯, respectively, VH of 18 is -703.3 kcal/mol and that of 19 is -
710.0 kcal/mol. This indicates that Cl¯ has more electron 
withdrawing power than F¯. Similar effect is observed for Ru 60 

complex 25 which has Cl¯ in the equatorial position and shows 
VH = -710.3 kcal/mol while the corresponding F¯ derivative (26)  
shows VH = -716.5 kcal/mol. The Vmin and VH values show a good 
linear correlation (Fig. 5). Previously we have shown that the 
spatial quantity Vmin is more sensitive to steric effect than the 65 

nuclear quantity VH and hence the outliers seen in the linear trend 
can be attributed to the steric effect of the ligand environment on 
Vmin.

35  
Stabilization energy of dihydrogen bonded hydride complexes 

  Recently, we have shown that the electron rich hydride ligand 70 

participates in dihydrogen H...H interactions with solvent water 
molecules and such interactions play significant role in water 
splitting reactions catalyzed by Ru pincer complex.17 Following 
this work, the H...H interaction between a water molecule and the 
hydride ligand in all the complexes is analyzed. An increase in 75 

the hydridic character is expected to increase the H...H interaction 
energy. Typical H...H distance (dHH) in dihydrogen bonded 
complexes is in the range 1.6 to 2.2 Å66-68   and  all the dHH values 
are found in the range 1.621 to 2.140 Å (Table 2). In general, the 
dHH decreases with increase in the negative character of Vmin or 80 

VH meaning that metal complexes showing strong hydridicity 
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enhance outersphere binding of water to the hydride complex 
(s.i.). Equatorial groups such as Cl, SiH3, CNO, heterocyclic, and 
CO (in cis- or trans- position), increase dHH. Ligands trans with 
respect to hydride, viz. NO and CH as well as bidentate P and N 
ligands decrease dHH. The orientation of water in the dihydrogen 5 

complex can be measured in terms of the M-H…H angle θ and 
H…H-O angle Ψ. The θ values are in the range 120-145º while ψ 
values vary from 109 to 178º (Table 2). The Ψ is found to be 
more linear with more negative VH (correlation coefficient = 
0.920). 10 

 Experimental studies reveal that the stabilizing energies of 
H...H bonded complexes (EHH) is in the range 2 - 7 kcal/mol.66, 67  
In this study, EHH is found in the range 2.5 to 13.2 kcal/mol and 
several complexes have EHH values higher than the typically 
observed experimental values. The highest EHH value is observed 15 

for 29...H2O (10.6 kcal/mol). In general, EHH increases with 
increase in the negative character of VH (Fig. 6) which means that 
more hydridic character of the ligand promotes H...H dihydrogen 

interaction. This result is important because it suggests that the 
electron rich character of the hydride ligand assessed in terms of 20 

VH is useful to make a good prediction on the power of the 
hydride ligand to interact with a water molecule through 
dihydrogen bond. The prediction is only qualitative because EHH 
does not fully account for the dihydrogen bond energy. In many 
cases, apart from dihydrogen interactions, secondary interactions 25 

involving oxygen of water contributes to EHH. Representative two 
Ru hydride complexes showing this feature is given in Fig. 7. 
Secondary interactions arise between oxygen of water and 
hydride of the equatorial chelating ligands or between the hydride 
of water and oxygen of the equatorial CO ligands. Other 30 

examples showing secondary interactions are 7...H2O, 8...H2O, 
9...H2O, 21...H2O, 33...H2O, 35...H2O, 41...H2O and 42...H2O. 
In 1...H2O, 11...H2O and 2b...H2O dihydrogen bond formation is 
not observed as the water molecule preferred an interaction with 
the carbonyl than the hydride.  35 

 

Table 2. Structural parameters and binding energies (kcal/mol) of all dihydrogen bonded complexes. Dihydrogen distance, dH-H in Å and angles (Ψ(H...H-O) 
and θ(M-H...H)) in degree. The Vmin and VH of the parent complexes (kcal/mol) are also given.  

Models dH-H Ψ Θ EHH Vmin VH Models dH-H Ψ θ EHH Vmin VH 
1…H2O 2.861 109.0 120.7 2.5 -2.7 -685.2 19...H2O 1.817 156.4 120.4 5.6 -15.8 -710.0 
2a...H2O 2.039 141.3 126.7 5.7 -12.5 -701.6 20…H2O 1.651 177.3 126.7 6.9 -29.4 -745.5 
2b...H2O 2.143 142.3 127.2 2.9 -12.6 -697.3 21...H2O 1.636 177.4 120.5 9.0 -31.4 -744.7 
3a...H2O 1.933 153.2 123.4 5.8 -16.5 -715.3 22...H2O 1.635 178.8 121.7 9.0 -33.3 -746.4 
3b...H2O 1.896 148.8 128.5 6.1 -22.7 -712.1 23...H2O 2.062 146.0 118.2 5.6 -8.7 -707.0 
3c...H2O 1.669 161.7 124.8 6.4 -22.7 -716.1 24...H2O 2.052 149.0 117.0 5.3 -11.3 -698.8 
4a...H2O 1.860 157.5 124.5 6.4 -26.1 -725.5 25...H2O 2.006 152.6 117.7 5.5 -16.6 -710.3 
4b...H2O 1.648 168.0 124.4 6.6 -27.4 -728.2 26...H2O 1.811 153.3 125.2 5.3 -22.8 -716.5 
4c...H2O 1.632 166.4 127.9 6.6 -32.9 -726.8 27...H2O 1.727 173.4 116.7 6.5 -27.8 -725.8 
5a...H2O 1.642 172.8 120.6 6.7 -27.7 -738.3 28...H2O 1.718 172.7 113.0 8.5 -34.0 -737.5 
5b...H2O 1.630 172.5 127.1 6.9 -37.2 -736.6 29...H2O 1.720 169.7 110.4 10.6 -34.8 -745.1 
6...H2O 1.641 177.6 122.3 6.9 -34.1 -745.5 30...H2O 1.720 175.1 118.6 7.7 -36.5 -736.5 
7...H2O 1.669 170.8 128.9 8.0 -28.5 -728.3 31...H2O 1.793 162.8 116.0 6.6 -25.6 -731.3 
8...H2O 1.630 176.5 138.4 7.4 -29.9 -744.5 32...H2O 1.661 169.5 132.2 8.6 -32.4 -734.0 
9...H2O 1.621 173.9 144.9 7.1 -30.7 -748.1 33...H2O 1.669 168.2 115.5 7.8 -35.0 -740.8 
10...H2O 1.634 174.6 122.6 6.6 -28.9 -743.2 34...H2O 1.627 177.2 128.5 8.6 -36.4 -752.5 
11...H2O 2.163 143.1 115.3 2.9 -9.2 -702.4 35...H2O 1.665 171.8 114.2 7.4 -36.7 -752.0 
12...H2O 1.751 164.2 126.4 6.2 -22.9 -725.6 36...H2O 1.623 177.5 128.3 8.5 -39.0 -756.7 
13...H2O 1.701 163.3 117.9 7.6 -30.4 -727.2 37...H2O 1.863 154.0 117.3 6.8 -22.7 -725.2 
14...H2O 1.685 176.2 115.8 7.0 -32.5 -744.8 38...H2O 1.815 161.2 115.7 6.8 -26.4 -736.4 
15...H2O 1.684 178.3 117.4 6.9 -34.2 -749.2 39...H2O 1.681 171.2 114.9 7.5 -33.5 -750.4 
16...H2O 1.689 169.9 116.8 7.3 -35.1 -736.9 40...H2O 1.682 166.5 116.1 7.9 -35.9 -745.2 
17...H2O 1.685 178.4 118.7 6.8 -39.3 -745.4 41...H2O 1.640 179.0 124.7 8.7 -36.6 -755.2 
18...H2O 1.971 150.9 118.1 5.7 -9.2 -703.3 42...H2O 1.630 179.2 123.2 9.3 -42.1 -759.1 

 
Fig. 6 Correlation between MESP at the hydride nucleus (VH) and 40 

stabilization energies of H...H bonded complexes (EHH). 
 
Designing metal hydride complexes for water splitting 

reactions 

 Experimentally it is known that tris- and bis-(trimethyl 45 

phosphine) W hydride complexes and bidentate Mo, W and Fe 
hydride complexes are useful for liberating hydrogen from 
water.18, 23 It is also established that increasing hydridic character 
favours protonation from organic molecules leading to 
dihydrogen complex formation.26  Strong hydridic character of a 50 

metal hydride can promote hydrogen release through a water  
 
splitting outer sphere mechanism.17  From the knowledge of Vmin 
or VH (Table 2) we may assess that 5b and 6 from group VII and 
22 from group 8 and 35, 36, 41 and 42 from group VI have high 55 

hydridic character and hence they may show higher tendency for 
water splitting reactions.  
 The applicability of Vmin or VH for tuning the activation barrier 
of H2 elimination is tested by transition state modeling for group 
VI complexes. Large negative MESP values and weak M-H bond 60 
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strength are main reason for selecting group VI complexes. A 
representative example of 42 giving the details of the outer sphere 
mechanism is presented in Fig. 8. The dihydrogen complex 
passes through a 4-center transition state to yield the hydroxide 

                                                      5 

 
Fig. 7 Water adducts of Ru hydride complexes. Distance in Å. 
 
metal complex. This type of a mechanism was previously 
discussed for bis-, tris-, and tetrakis- phosphine complexes of W, 10 

Mo and Cr.19   

 
Fig. 8 Relative free energy profile of a representative system for 
hydrogen elimination.  

 15 

Fig. 9 Correlation between activation barrier (∆E) and MESP 
minimum at the hydride ligand (Vmin) of W hydride complexes.  

Fig. 9 depicts a correlation between activation energy (∆E) for H2 

elimination and hydridic descriptor Vmin of group VI complexes.  

The correlation coefficient 0.9185 suggests a decreasing linear 20 

trend in activation barrier with increase in the negative Vmin 

meaning that water splitting becomes easy with more electron 

rich hydride ligand. Complex 42 showed the lowest energy 

barrier of 17.23 kcal/mol compared to any other systems. In this 

complex, trans CH and chelating ligands enhance electron density 25 

at hydride leading to decrease in the activation barrier. Complex 

37 contains three CO ligands and shows a high energy barrier 

30.31 kcal/mol. Chelating phosphine ligands in 32, 34, 36, 41 and 

42 enhance negative Vmin and they show activation barrier below 

25 kcal/mol. In 31 and 38, CO ligand decreases hydridicity and 30 

the corresponding activation barriers are also high, viz. 27.96 and 

25.66 kcal/mol, respectively. In general, ligands such as CH, NO 

orienting trans to the hydride ligand and phosphines, cis-chelating 

bidentate phosphine and amine groups are good for lowering the 

activation barrier. 35 

Conclusions 

 In summary, the structural and electronic features of a large 
variety of metal hydride complexes wherein the metal is Mo, W, 
Mn, Re, Fe and Ru have been studied using DFT.  In all 
complexes, MESP topography revealed that the hydride ligand 40 

possesses a characteristic negative minimum Vmin. The value of 
Vmin is useful to estimate the hydridic character (electron rich 
character) of that ligand. The hydridic nature of the ligand is also 
measured in terms of MESP at the hydride nucleus (VH). The Vmin 
and VH are very sensitive to the ligand environment. Hence, by 45 

monitoring the MESP that surrounds the hydride ligand, fine 
tuning of the ligand environment is possible. As Vmin of the 
hydride ligand becomes more negative, its interaction with a 
water molecule for dihydrogen bonding becomes higher leading 
to facile release of H2 from the complex.  A more electron rich 50 

hydride ligand showed lower activation barrier for H2 
elimination. Thus Vmin and VH are proposed as two useful 
electronic descriptors for the study of the hydridic character of a 
metal hydride complex. Since MESP analysis provides more 
insight into the interactive behaviour of the metal hydride 55 

complex with a water molecule, tuning the ligand environment 
for more negative Vmin or VH is attractive to design new water 
splitting metal hydride complexes. 
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Graphical Abstract 

Molecular electrostatic potential minimum of   metal-hydrides (Vmin) is used as a sensitive electronic 

descriptor to tune H2 elimination reactions. 
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