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This work reports a comparative study of hydrogen uptake capacity of early transition metal atom (Sc, Ti
and V) attached to light acetylene (C2Hgz) substrate. Using density functional theory and second order Mgller—
Plesset method, we predict that maximum of five, five and four hydrogen molecules will be adsorbed on C2H2Sc,
C3H2Ti and C2H2V complex, respectively, with respective gravimetric hydrogen uptake capacity of 12.43, 12, and
9.48 wt%. All the interactions between hydrogen molecules and organometallic complex are found to be attractive.
The highest occupied molecular orbital-lowest unoccupied molecular orbital gap shows that the maximum Hs
adsorbed complexes are kinetically stable. The average binding energies per Ha molecule for these complexes
are within the ideal range for hydrogen storage at ambient conditions. Even after maximum hydrogen molecules
adsorption on CoH2TM complexes, transition metal atoms remain strongly bound to the CzH2 substrate. We
have obtained temperature and pressure range over which Hz adsorption on these three complexes is energetically
favorable using the Gibbs free energy corrected Ho adsorption energy.
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1. Introduction

Search for novel materials to store hydrogen contin-
ues worldwide since hydrogen storage is one of the im-
portant issues for the advancement of hydrogen and fuel
cell power technologies in transportation, stationary, and
portable applications. There are various technical goals
suggested for storage of hydrogen to develop and demon-
strate viable hydrogen storage for vehicular transporta-
tion and stationary applications. Hydrogen storage is in-
deed a problem that needs special attention if hydrogen
should become the future choice of energy source in vehi-
cles. It is due to the very specific demands for safety, vol-
umetric energy density, gravimetric energy density etc.
There are different ways of storing hydrogen such as ph-
ysisorption, storage in metal hydrides, storage in high
pressure cylinders, storage as liquid hydrogen etc.; each
with positive and negative sides. Various ways are being
adopted to find out the novel materials, satisfying the
target set by US Department of Energy (DOE) (5.5 wt%
by 2020). Synthesis of a material first and then test-
ing its hydrogen storage capacity is a time consuming
and expensive job. Therefore, predicting the hydrogen
uptake capacity of a material theoretically using molec-
ular modeling techniques is one way to save time and
money both. One can predict the hydrogen storage ca-
pacity of a material theoretically and if it is as per the US
DOE target, one can go for its synthesis. The increase in
computational power in recent years has opened up new
possibilities for theoretical studies of hydrogen storage.
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Small organometallic (OM) compounds in which tran-
sition metal is bound to organic substrate have attracted
attention of researchers due to their high hydrogen stor-
age capacity [1-23]. Experimentally, Phillips and Shiv-
aram reported hydrogen storage on transition metal—
ethylene and transition metal-benzene complexes [24-
26]. There is an excellent agreement between the the-
ory and experiment for the hydrogen uptake capacity
and equilibrium isotope effect for the Ti-ethylene com-
plex [8]. Most of these studies are focused on room tem-
perature hydrogen storage. Suitability of a material for
hydrogen storage at different temperature and pressure
is predicted in very few investigations. Predicting hydro-
gen storage capacity of a material at room temperature
and 1 atm pressure is not enough. We should also know
the suitable temperature and pressure range over which
the material favors hydrogen storage. It helps us to use
the hydrogen storage material in different environment
and applications. Interaction energy between adsorbed
Hs molecules and organometallic complex is also useful
in deciding the nature of interaction between these two.

The aim of this work is to perform comparative study
of hydrogen adsorption on acetylene-TM (TM = Sc, Ti,
and V) complexes using density functional theory (DFT)
method and second order Mgller-Plesset (MP2) method.
We report temperature and pressure dependent Gibbs
free energy corrected hydrogen adsorption energies for
these complexes, which give an idea about suitable tem-
perature and pressure range over which Hs adsorption
on these complexes is possible. We considered CoHyTM
complex in which Hs binds to TM via so called “Kubas in-
teraction” [27, 28]. Nature of interaction between hydro-
gen molecules and organometallic complexes and that be-
tween different hydrogen molecules within the complexes
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is also studied. The vibrational frequencies are obtained
to confirm the stability of these complexes.

2. Computational details

The geometry optimization of CoHoTM(nHs)
(TM = Se, Ti, and V) complexes have been car-
ried out with DFT by using Becke’s three parameter
hybrid functional with LYP correlation functional
(B3LYP) [29-31] and MP2 method [32]. All calculations
were performed using Gaussian 09 suit of programs [33]
using larger DGDZVP basis set. The vibrational fre-
quencies are also obtained at the same level of theory.
The interaction energies between different molecules are
obtained as suggested by Boys and Bernardi [34].

Binding energy of TM atom to CoHy substrate (ETn)
is calculated as

Etm = E[CoHoTM] — E[CoHs) — E[TM]. (1)
Gain in energies with subsequent addition of Hy molecule
(AE,) on CoHoTM are calculated as

AEn = E[CQHQTM(HHQ)]

—E[CoH TM((n — 1)Hy)] — E[Hs]. (2)
Interaction energies between OM complex and i-th hy-
drogen molecule in a Hy adsorbed complex are calculated
using

Eom-—n, = E[OM — —H;] — E[OM] — E[H;].  (3)
Interaction energies between i¢-th and j-th hydrogen
molecule are calculated using

By, = E[H;H;] — E[H;] — E[H;]. (4)
The averaged adsorption energy with Gibbs free energy
correction (AEg) is calculated as

AEg = {Eg[OM] + (n* Eg[Hs]) — Eg[OM (nH2)]}
/1, (5)

where Eg|X] stands for the total energy of X with Gibbs
free energy correction.

3. Result and discussion

Figure 1 shows the optimized geometries of maximum
number of Hy adsorbed CoHsTM complexes. As can be
seen from Fig. 1, maximum five, five and four hydro-
gen molecules can be adsorbed on CoHsSc, CoHoTi and
CoHoV complexes, respectively, with respective hydro-
gen uptake capacity of 12.43, 12, and 9.48 wt%. Though
the hydrogen uptake capacity of CoHyTi reported in this
work is nearly the same as that of CoH4Ti reported by
Philips and Shivaram experimentally [24], the material
CoH,Ti is little lighter than CoH,4Ti. Calculated binding
energy (Ery) of Se, Ti and V to the CoHy substrate is
1.82, 1.24 and 3.27 eV, respectively before Hy adsorption.
Structural parameters for the Hy adsorbed complexes are
presented in Table I.

n = 1: The first hydrogen molecule is adsorbed
(n = 1) in molecular form on CyHsSc and CyHsV
organometallic complexes whereas it is adsorbed in di-
atomic form on CoH5Ti complex. The calculated gain in
energies (AE,) on first hydrogen molecule adsorption are
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Fig. 1. Optimized geometries of (a) CaHaSc(nH2)
(n = 5) (b) CQHQTi(nHz) (’I’L = 5) (C) CQHQV(RHQ)
(n = 4) complexes at MP2/DGDZVP level.

TABLE I

Structural parameters for CoHa TM(nHz) (TM = Sec, Ti, V)
complexes obtained at MP2/DGDZVP level. The values in
parentheses represent the corresponding bond length before
H»> adsorption.

Bond lengths [A]
™ C=C C-M TM-H
Sc | 1.36(1.37) | 2.11(2.08) | 2.38, 2.50, 2.31, 2.31, 2.38
Ti | 1.33(1.31) | 2.00(1.99) | 1.96, 1.94, 1.94, 1.96, 2.35
V| 1.36(1.31) | 1.92(2.07) 1.85, 2.03, 2.03, 1.85

0.74, 1.44, and 0.08 eV for CoHySc, CoH5Ti, and CoHoV,
respectively. The Sc-H, Ti—-H and V-H bond lengths are
2.1, 1.8, and 2.2 A, respectively.

n = 2: When the second hydrogen molecule is added
on the CoHoTi complex (at m = 2), it is adsorbed in
molecular form and the first hydrogen molecule remains
adsorbed in diatomic form. The molecular hydrogen is
adsorbed towards side of the Ti-atom with orientation
of H-H bond length perpendicular to the plane of the
C = C bond of acetylene substrate. The second molecule
on CoHsSc and C3H5V is adsorbed in molecular form.

n = 3: For n = 3, all the three Hy molecules are
adsorbed in molecular form with H-H bond length per-
pendicular to the plane of the C = C bond length in
CyoHySc(3Hs) and CoH,V(3Hs) complexes. All the three
Hs molecules are adsorbed in molecular form on CoH,Ti.
Two of the hydrogen molecules were adsorbed towards
top site of Sc and V atom and the third molecule at the
side. On the other hand, one of the H-H bond lengths
orient perpendicular and remaining two have parallel ori-
entations to the plane of C = C bond of a substrate
in CoHsTi(3Hy) complex. Here the H-H distances are
in a range of 0.75-0.77, 0.79-0.95, and 0.77-0.82 A for
CQHQSC(3H2), CQHQTi(3H2), and CQHQV(3H2) COHIplCX7
respectively.

n = 4: All the four molecules are adsorbed in
molecular form with their H-H bond length orienta-
tion perpendicular to the plane of C = C bond length
in CoHySc(4Hs), and CoHoV(4Hs) complexes. In these
complexes, two hydrogen molecules are adsorbed towards
top site of the TM-atom and the remaining two at the
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side. All the four Hy molecules lie with their H-H bond
length parallel to the C = C bond length forming a plane
surrounding the Ti atom in CoHyTi(4Hs) complex.

n = 5: The fifth molecule adsorbed on the top site
of Ti-atom on CoH,Ti complex at a distance of 2.35 A,
marginally longer compared to the other four hydrogen
molecules adsorbed in the same complex. It indicates
that the fifth Ho molecule is loosely bonded to CoHoTi
complex. In CyHsSc complex, all the five molecules are
adsorbed with their bond length perpendicular to the
plane of C = C bond and surrounding the Sc atom.

3.1. Binding and interaction energies

The first hydrogen molecule is adsorbed in dihy-
dride form on CyH5Ti complex resulting in stronger
C = C bond than that in isolated CoHsTi complex.
With successive addition of Hy molecules, the C = C
bond becomes weaker. Also, the TM-C bond length
marginally increases with subsequent addition of hydro-
gen molecules.

Calculated binding energy of TM atom (Ern) to the
CyHs substrate and gain in energies with subsequent ad-
dition of Hy molecules (AFE,) using Egs. (1) and (2) re-
spectively are shown in Table II. The binding energy of
Sc to CoHy substrate decreases with successive addition
of Hy molecules. However the binding energy of Ti and V
to CoHy does not show a systematic change with succes-
sive addition of Hy molecules. The average adsorption
energies per Hs molecule are found to be —0.03, 0.30,
and 0.28 eV for CoHsSc, CoH,Ti, and CoHsV, respec-
tively. For CoH,Ti and CoHoV complexes, these average
adsorption energies have the right order of magnitude
(0.2 to 0.7 €V) for room temperature hydrogen storage
but for CoHySc complex it is not so. Since the hydrogen
molecules in maximum H, adsorbed complexes are ad-
sorbed in molecular form, we expect fast adsorption and
desorption kinetics.

We have obtained interaction energies between dif-
ferent molecules using Eqgs. (3) and (4) and binding
energy for CoHyTM(nHs) complexes in which maxi-
mum hydrogen molecules are adsorbed. These ener-
gies are presented in Table III. In Table III, OM de-
notes organometallic complex and H; is the i-th hydrogen
molecule in a complex. In Table III, the interaction en-
ergies of organometallic complex with all the adsorbed
H> molecules are attractive for all the three Hy adsorbed
OM complexes studied here. For CoHoSc(5Hs) complex,
first and fifth Hy molecules are at equal distance from
Sc atom results in equal OM-H; and OM-Hj5 interac-
tion energies. Similar is the case for the third and fourth
Hy molecules. The OM-H; interaction energy is lower
as compared to other OM—-H; energies for CoHySc(5Hz)
complex. In case of CoHyTi(5Hs) complex, out of five
Hs molecules, first four molecules are at nearly equal
distance from Ti atom and show equal OM—H;, OM-
Hs, OM-Hj3, and OM-H, interaction energy. The fifth
Hs molecule is loosely bonded to the CoHsTi complex
which results in negligible OM-Hj5 interaction energy.
For CoH2V(4Hs) complex, first and fourth Hy molecules
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TABLE II

Calculated energy gains AE,, [eV] and binding energy Ftm
(in [eV]) of single TM atom (TM = Sc, Ti and V) and
C2Hs substrate by successive addition of Hy molecules to
C2H2TM(nHz) complex at BSLYP/DGDZVP level of the-
ory. The values in the parentheses are at MP2/DGDZVP
level.

T™ n AE, Erm
Sc 1 0.42(0.74) 4.52(2.23)
2 0.45(0.27) 4.36(2.16)
3 0.17(0.12) 4.16(2.06)
4 0.18(0.14) 3.93(2.07)
5 0.05(0.09) 3.90(1.82)
Ti 1 1.12(1.44) 3.94(2.26)
2 0.02(0.10) 4.22(2.22)
3 0.07(0.69) 4.28(2.26)
4 0.02(0.49) 3.93(1.92)
5 0.13(0.16) 3.81(1.84)
v 1 1.46(0.08) 3.89(4.54)
2 0.01(0.62) 3.61(2.52)
3 0.10(0.31) 3.15(4.34)
4 0.57(0.26) 3.20(4.41)

are also at equal distance from V. Hence, OM—H; and
OM-H, interaction energies are equal. Similarly, OM—
Hs and OM-Hj interaction energies are equal since Ho
and Hj3 are at equal distance from V.

In Table III, all the H;—H; interactions are repul-
sive. The total H;—H; interaction energy increases
from Sc to V. It is 3.63, 7.29, and 10.03 kcal/mol
for CQHQSC(5H2)7 C2H2Ti(5H2), and CQHQV(4H2) com-
plexes, respectively. Total two-body interaction is at-
tractive for the CyHsSc(5Hs) and CoHsTi(5Hs) com-
plexes whereas it is repulsive for the CoHoV(4Hs) com-
plex. In C3H5Sc(5H,) and CoH,Ti(5H,) complexes, the
OM-H; interactions are dominant whereas in case of
CoHyV(4H,), the H;—H; interactions are dominant.

8.2. Vibrational frequencies analysis

Selected vibrational frequencies for the three com-
plexes are presented in Table IV. As can be seen from Ta-
ble IV, adsorption of hydrogen molecules on an isolated
organometallic complex leads to the change in their vi-
brational frequencies, which is an important tool to char-
acterize interactions at atomic scale. We have compared
the vibrational frequencies in an isolated OM complex
with those for maximum Hs adsorbed complex. The H—
H stretching frequencies are ranging from 4349 cm~! (for
Haomolecules near top site of Sc atom) to 4097 cm~! (for
side Hy) for the CoHsSc(5Hs) complex. In CoHoTi(5Hz)
complex, out of five hydrogen molecules, the four are sur-
rounding Ti atom with H-H stretch frequencies ranging
from 3032 cm ™! to 3287 cm~!. The vibrational frequency
for the loosely bonded Hy molecule in CoHoTi(5H3) com-
plex is found to be 4388 cm™!. For the four Hy molecules
adsorbed on CoHyV complex, the H-H stretch frequen-
cies are in a range of 3411-3944 cm™".
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TABLE III

Interaction energies E; and binding energy Ej (in [kcal/mol])
for TM-CyHz(nHz) complexes (TM = Sc, Ti and V)
on which maximum hydrogen molecules are adsorbed at
MP2/DGDZVP level of theory. OM represents organometal-
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TABLE IV

Selected vibrational modes (in [em™']) for CoHoTM(nHz)
complexes at MP2/DGDZVP level (a) — asymmetric, (b) —
symmetric.

lic complex and H; is the ith adsorbed Hz molecule.

Interaction ™
Sc Ti \%
OM-H; -25.04 —20.29 -0.75
OM-H» -1.05 -20.29 -2.45
OM-Hs -1.66 -20.29 —2.45
OM-Hy4 -1.66 -20.29 -0.75
OM-Hj; -25.04 -0.00 —
H:-H> 0.00 1.17 2.33
H,-Hs -0.01 1.17 2.33
H;-H4 1.00 -0.01 0.71
H,-Hs 0.42 0.62 -
Ho—Hs 0.62 —0.02 0.00
Ho-Hy 0.62 1.17 2.33
Ho-Hs 0.00 0.70 -
Hs-Ha -0.01 1.17 2.33
Hs-Hs 1.00 0.70 -
H4—Hs -0.01 0.62 —
Ey 37.67 34.52 25.61

On comparing the H-H stretching frequencies in Hy
adsorbed complexes and that for isolated Hy molecules
(4536 cm~1), it can be said that the strongly bonded Hy
molecule to TM shows smaller H-H stretching frequency
than that for the isolated Hs molecule. The C-H sym-
metric and asymmetric stretching frequencies in all the
three complexes are blue shifted than the correspond-
ing mode in respective isolated OM complex indicating
that the C—H bonds become stronger upon Hs adsorp-
tion. The C = C stretching frequencies are red-shifted in
CyH,Sc(5Hs) and CoHoV(4Hs) complexes than that for
the respective isolated complex. The C = C stretching
mode in CoHyTi(5H2) complex is blue shifted than that
for the isolated CoH,Ti complex.

8.8. Temperature and pressure dependence of Gibbs free
energy corrected adsorption energies

Figure 2 shows temperature dependence of Gibbs free
energy corrected Hy adsorption energy (AEg) calculated
using Eq. (5) for all the three complexes at 1 atm pres-
sure. As can be seen from Fig. 2, Hy adsorption on
CoHoTi complex is energetically favorable for a wide
range of temperature than that on CoHsSc and CoHoV
complexes. Hy adsorption on CoHsSc complex is energet-
ically unfavorable even at very low temperature as can
be seen from negative Gibbs free energy corrected Hj
adsorption energy for the CoHySc(5H2) complex. Hy ad-
sorption on CoHoTi and CoH,V is energetically favorable
below 180 and 110 K, respectively.

Figure 3 shows pressure dependence of Gibbs
free energy corrected Hy adsorption energy for
the C2HQSC(5H2), CQH2T1(5H2), and CQHQV(4H2)

Stretch CQHQSC(E)HQ) CQHQTi(E)HQ) CQHQV(4H2)
C-TM-C (a) 575 618 748
(537) (627) (489)
C-TM-C (s) 598 594 713
(607) (563) (352)
TM-H, (s) | 348/371/ 359/382/ 497/633/
400/419/ 528 (top) 884/928
459 750/770 (side)
TM-Hz(a) | 708/823/ 667 (top) 1163/1177/
833/923/ 1375/1422/ 1479/1510
929 |1454/1461 (side)
c=0C 1449 1578 1775
(1426) (1819) (1612)
C-H (a) 3130 3209 3176
(3161) (3238) (3202)
C-H (s) 3158 3246 3204
(3186) (3281) (3240)
H-H 4097/4104/ 3032/3068/ 3411/3896/
4220/4224 3234/3287 3930/3944
4349 (side) (4536)
(4536) 4388 (top)
(4536)
0.2
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01 4 — —e—Ti
— v
g s
0.3 Tm _\‘.\‘
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Fig. 2. Temperature dependence of Gibbs free energy

corrected adsorption energies (AFEg) for CoHaSc(5Hz),
CQH2T1(5H2), CQHQV(4H2) at MP2/DGDZVP level.
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Fig. 3. Pressure dependence of Gibbs free energy cor-

rected adsorption energies (AEq) for CoHaSc(5Hz2),
C2HaTi(5H,), CoHoV(4H,) at MP2/DGDZVP level.
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complexes at 298 K. Similar to temperature dependence,
Hs adsorption on CoHsTi complex is favorable over wide
range of pressure. Hy adsorption on CoHySc and CoHaV
complexes is unfavorable for all the pressures considered
here at room temperature.

8.4. HOMO-LUMO gap

The kinetic stability of these organometallic complexes
is studied in terms of gap between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) with successive adsorption of hy-
drogen molecules. Figure 4 shows the energy gap of re-
spective complex with successive addition of hydrogen
molecules using HF method. The HOMO-LUMO gap
is also calculated at CAM-B3LYP level for comparison
and is shown in Fig. 4. The energy gap for the isolated
CoHsSe, CoHoTi, and CoHsV complexes is found to be
larger than 4.5 eV, respectively. Figure 4 shows a com-
mon rise in the energy gap after adsorption of first hydro-
gen molecule for CoHySc and CoHoTi complexes. In case
of CoHsV complex, adsorption of subsequent hydrogen
molecules decreases its kinetic stability. When the third
hydrogen molecule is adsorbed on C3;H,Ti complex, the
first hydrogen molecule which was adsorbed in diatomic
form becomes a hydrogen molecule which results in de-
crease in kinetic stability. The HOMO-LUMO gap of
CyH,Ti(1Hz) complex is found to be largest (9.49 €V)
among all the complexes studied here due to adsorption
of hydrogen in atomic form.

Energy (eV)

3
3
g |
w 2 4
1 HFIDGDZVP
0 T T T T
0 2 3 4 5
Number of adsorbed H, molecules
Fig. 4. Energy gap between highest occupied and low-

est unoccupied molecular orbital for Hy adsorbed com-
plexes at HF/DGDZVP and CAM-B3LYP/DGDZVP
levels.

Lastly, electronic configuration and natural population
analysis of these energetically favorable complexes were
scrutinized [35-41]. The amount of electron transfer (ei-
ther partial or full) from Sc to the CoHs substrate and
Hs molecules is computed. Here in isolated CoHsSc,
CoH,oTi, and CoHoV complexes, Sc, Ti, and V donates
about 1.5, 1.3, and 1 electron respectively to the CoHso
substrate when these tend to bind the CoHs substrate.
Total of about 0.25, 0.5 and 0.6 electrons are transferred
from Hs molecules to Sc, Ti and V atom respectively
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(back donation of electrons to the substrate) in respec-
tive CQHQSC(5H2), CQHQTi(5H2) and CQHQV(4H2) com-
plex. The natural population analysis study reveals that
the charge transfer from Hs to metal atom dominates,
reducing the charge on Sc, Ti and V atom with subse-
quent addition of Hy molecules. The charge on Sc, Ti
and V reduces from 1.362 to 0.955, 1.152 to 0.058, and
1.299 to —0.109 with successive addition of Hy molecules
in CoHsSc and CoHoTi, CoHoV complexes, respectively.

4. Conclusions

Using MP2 and B3LYP methods, we have performed
a systematic study of Hy adsorption on Sc, Ti, and
V attached CoHs complex. Hydrogen molecules bound
strongly to CoH3Ti than CoHsSc and CoHsV complexes.
The average binding energy per Hs molecule is 0.30 and
0.28 eV for CoH,Ti and CoHoV complex, respectively and
has the right order of magnitude for room temperature
hydrogen storage. The kinetic stability of Ho adsorbed
complexes is verified with their HOMO-LUMO energy
gap. Hs adsorption on CoHoTi complex is energetically
favorable over a wider range of temperature and pres-
sure than that on CoHsSc and CoHoV complexes. Ho
adsorption is energetically unfavorable even at very low
temperature and low as well as high pressure on CoHySc
complex. The C-H bond becomes stronger upon Hy ad-
sorption for all the three cases.

Acknowledgments
Financial support from C.S.ILR., New Delhi,
India (Grant 03/1223)/12/EMR-II) is gratefully
acknowledged.
References
[1] Q. Dong, W.Q. Tian, D.L. Chen, C.C. Sun,

Int. J. Hydrogen En. 34, 5444 (2009).

[2] V. Kalamse, N. Wadnerkar, A. Deshmukh, A. Chaud-
hari, Int. J. Hydrogen En. 37,5114 (2012).

[38] L.J. Ma, J. Jia, H.S. Wu, Int. J. Hydrogen En. 40,
420 (2015).

[4] A. Chakraborty, S. Giri, PK.
Struct. Chem. 22, 823 (2011).

[5] N. Wadnerkar, V. Kalamse,
Theor. Chem. Acc. 127, 285 (2010).

[6] V. Kalamse, N. Wadnerkar,
J. Phys. Chem. C 114, 4704 (2010).

[7] E. Durgun, S. Ciraci, W. Zhou,
Phys. Rev. Lett. 97, 226102 (2006).

[8] N. Wadnerkar, V. Kalamse, A.B. Phillips, B.S. Shiv-
aram, A. Chaudhari, Int. J. Hydrogen En. 36, 9727
(2011).

[9] W. Zhou, T. Yildirim, E. Durgun,
Phys. Rev. B 76, 085434 (2007).

[10] N. Wadnerkar, V. Kalamse, A. Chaudhari, J. Com-
put. Chem. 31, 1656 (2010).

[11] C.S. Liu, Z. Zeng, Phys. Rev. B 79, 245419 (2009).

Chattaraj,
A. Chaudhari,
A. Chaudhari,

T. Yildirim,

S. Ciraci,


http://dx.doi.org/10.1016/j.ijhydene.2009.04.053
http://dx.doi.org/10.1016/j.ijhydene.2011.12.100
http://dx.doi.org/10.1016/j.ijhydene.2014.10.136
http://dx.doi.org/10.1016/j.ijhydene.2014.10.136
http://dx.doi.org/10.1007/s11224-011-9754-7
http://dx.doi.org/10.1007/s00214-009-0714-x
http://dx.doi.org/ 10.1021/jp910614n
http://dx.doi.org/10.1103/PhysRevLett.97.226102
http://dx.doi.org/10.1016/j.ijhydene.2011.05.034
http://dx.doi.org/10.1016/j.ijhydene.2011.05.034
http://dx.doi.org/10.1103/PhysRevB.76.085434
http://dx.doi.org/10.1002/jcc.21449
http://dx.doi.org/10.1002/jcc.21449
http://dx.doi.org/10.1103/PhysRevB.79.245419

1262
[12]
[13]
[14]
[15]
[16]
[17]
18]
[19]
[20]
[21]
22]

23]
24]

[25]
[26]

[27]

(28]

[29]
[30]
31]
32]

P. Tavhare et al.

V. Kalamse, N. Wadnerkar, A. Deshmukh, A. Chaud-
hari, Int. J. Hydrogen En. 37, 3727 (2012).

L.J. Ma, J. Jia, H.S. Wu, Y. Ren, Int. J. Hydrogen
En. 38, 16185 (2013).

N. Wadnerkar, V. Kalamse,
Int. J. Hydrogen En. 36, 664 (2011).

P.F. Wecka, T.J.D. Kumar, E. Kim, N. Balakrishnan
J. Chem. Phys. 126, 094703 (2007).

N. Wadnerkar, V. Kalamse,
Struct. Chem. 24, 369 (2013).

J.H. Guo, W.D. Wu, H. Zhang,
1107 (2009).

A. Mavrandonakis, W. Klopper,
112, 11580 (2008).

B. Kiran, A K. Kandalam, P. Jena, J. Chem. Phys.
124, 224703 (2006).

A K. Kandalam, B. Kiran, P. Jena, J. Phys. Chem. C
112, 6181 (2008).

P.J.G. Chen, P. Jena, Y. Kawazoe,
129, 074305 (2008).

N. Wadnerkar, V. Kalamse, S.L. Lee, A. Chaudhari,
J. Comput. Chem. 33, 170 (2011).

O. Yasuharu, J. Phys. Chem. C 112, 17721 (2008).

A.B. Phillips, B.S. Shivaram, Phys. Rev. Lett. 100,
105505 (2008).

A.B. Phillips, B.S. Shivaram, G.R. Myneni,
Int. J. Hydrogen En. 37, 1546 (2012).

A.B. Phillips, B.S. Shivaram,
204020 (2009).

G.J.  Kubas, R.R. Ryan, B.I.  Swanson,
P.J. Vergamini, H.J. Wasserman, J. Am. Chem. Soc.
106, 451 (1984).

G.J. Kubas, Metal Dihydrogen and o-Bond Com-
plexes, Kluwer Academic/Plenum, New York 2001.

A.D. Becke, Phys. Rev. A 38, 3098 (1988).

A.D. Becke, J. Chem. Phys. 98, 5648 (1993).

A.D. Becke, J. Chem. Phys. 107, 8554 (1997).

C. Mpgller, M.S. Plesset, Phys. Rev. 46, 0618 (1934).

A. Chaudhari,

A. Chaudhari,
Struct. Chem. 20,

J. Phys. Chem. C

J. Chem. Phys.

Nanotechnology 20,

[33]

[34]
[35]

[36]
[37]
[38]
[39]
[40]

[41]

M.J. Frisch, G.W. Trucks, H.B. Schlegel,
G.E. Suzerain, M.A. Robb, J.R. Cheeseman Jr.,
J.A. Montgomery, T. Vreven, K.N. Kudin, J.C. Bu-
rant, J.M. Millam, S.S. Iyengar, J. Tomasi, V. Barone,
B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G.A. Petersson, H. Nakatsuji, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai,
M. Klene, X. Li, J.E. Knox, H.P. Hratchian,
J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R.E. Stratmann, O. Yazyev,
A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski,
P.Y. Ayala, K. Morokuma, G.A. Voth, P. Sal-
vador, J.J. Dannenberg, V.G. Zakrzewski, S. Dap-
prich, A.D. Daniels, M.C. Strain, O. Farkas,
D.K. Malick, A.D. Rabuck, K. Raghavachari,
J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul,
S. Clifford, J. Cioslowski, B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, I. Komaromi, R.L. Martin,
D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng,
A. Nanayakkara, M. Challacombe, P.M.W. Gill,
B. Johnson, W. Chen, M.W. Wong, C. Gonzalez,
J.A. Pople, Gaussian 09, Gaussian Inc., Pitts-
burgh 2003.

S.F. Boys, F. Bernadi, Mol. Phys. 19, 553 (1970).

J.E. Carpenter, F. Weinhold, J. Mol. Struct.
(Theochem.) 169, 41 (1988).

J.P. Foster, F. Weinhold, J. Am. Chem. Soc. 102,
7211 (1980).

A.E. Reed, F. Weinhold, J. Chem. Phys. 78, 4066
(1983).

A.E. Reed, F. Weinhold, J. Chem. Phys. 83, 1736
(1985).

A.E. Reed, R.B. Weinstock, F.
J. Chem. Phys. 83, 735 (1985).

A.E. Reed, L.A. Curtiss, F. Weinhold, Chem. Rev.
88, 899 (1988).

F. Weinhold, J.E. Carpenter, in: The Structure of

Small Molecules and Ions, Eds. R. Naaman, Z. Vager,
Plenum, New York 1988, p. 227.

Weinhold,


http://dx.doi.org/10.1016/j.ijhydene.2011.05.061
http://dx.doi.org/10.1016/j.ijhydene.2013.09.151
http://dx.doi.org/10.1016/j.ijhydene.2013.09.151
http://dx.doi.org/10.1016/j.ijhydene.2010.09.081
http://dx.doi.org/10.1063/1.2710264
http://dx.doi.org/10.1007/s11224-012-0082-3
http://dx.doi.org/10.1007/s11224-009-9517-x
http://dx.doi.org/10.1007/s11224-009-9517-x
http://dx.doi.org/10.1021/jp8021369
http://dx.doi.org/10.1021/jp8021369
http://dx.doi.org/10.1063/1.2202320
http://dx.doi.org/10.1063/1.2202320
http://dx.doi.org/10.1021/jp074759
http://dx.doi.org/10.1021/jp074759
http://dx.doi.org/ 10.1063/1.2969108
http://dx.doi.org/ 10.1063/1.2969108
http://dx.doi.org/ 10.1002/jcc.21955
http://dx.doi.org/10.1021/jp803766z
http://dx.doi.org/10.1103/PhysRevLett.100.105505
http://dx.doi.org/10.1103/PhysRevLett.100.105505
http://dx.doi.org/10.1016/j.ijhydene.2011.09.136
http://dx.doi.org/10.1088/0957-4484/20/20/204020
http://dx.doi.org/10.1088/0957-4484/20/20/204020
http://dx.doi.org/10.1021/ja00314a049
http://dx.doi.org/10.1021/ja00314a049
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.475007
http://dx.doi.org/10.1103/PhysRev.46.618
http://gaussian.com/g_prod/g09.htm
http://dx.doi.org/10.1080/00268977000101561
http://dx.doi.org/10.1016/0166-1280(88)80248-3
http://dx.doi.org/10.1016/0166-1280(88)80248-3
http://dx.doi.org/10.1021/ja00544a007
http://dx.doi.org/10.1021/ja00544a007
http://dx.doi.org/10.1063/1.445134
http://dx.doi.org/10.1063/1.445134
http://dx.doi.org/10.1063/1.449360
http://dx.doi.org/10.1063/1.449360
http://dx.doi.org/ 10.1063/1.449486
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1021/cr00088a005

