Theor Chem Acc (2016) 135:168
DOI 10.1007/s00214-016-1920-y

@ CrossMark

REGULAR ARTICLE

Density-functional-based tight-binding parameterization
of Mo, C, H, O and Si for studying hydrogenation reactions

on molybdenum carbide

Xingchen Liu! - Mohammad Wahiduzzaman® - Augusto F. Oliveira

Thomas Heine?? - Dennis R. Salahub!

23,

Received: 17 March 2016 / Accepted: 2 June 2016 / Published online: 20 June 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Hydrogenation reactions catalyzed by transi-
tion-metal-containing nanoparticles represent an important
type of reaction in chemical industry. However, the mode-
ling of these reactions in their working conditions requires
much longer simulation times than what could usually
be achieved with ab initio or first-principle methods. To
address this problem, in this work, the density-functional-
based tight-binding (DFTB) method was parameterized
for hydrogenation reactions on molybdenum carbide cat-
alysts, involving the elements C, H, Mo, O and Si. The
overall quality of the DFTB parameters was tested with
band structure/molecular orbital energies, molecular/
crystal structures, chemisorption bond strengths, hydro-
gen adsorption energies, hydrogenation reaction ener-
gies, molecular vibrational frequencies, energy barriers
and the structures of the transition states for systems of
interest. The parameterized DFTB method gave errors of
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<1.45 % for bond distances of hydrocarbons and 4.86 %
for non-hydrocarbons. It could reproduce the structure and
vibrational frequencies (with errors of about 100 cm™h)
of selected hydrocarbon-molybdenum carbide com-
plexes obtained from DFT calculations. Good agreement
was reached between DFTB and DFT on the dissociative
adsorption of hydrogen on the a-Mo,C (0001) surface.
For most of the hydrogenation reactions examined, DFTB
showed errors of ~2 kcal/mol compared to DFT/PBE, with
a few exceptions of ~5 kcal/mol. It could also describe the
reaction energies, the forward and reverse energy barriers
and the transition-state structures for the benzene hydro-
genation reaction on a Mo,;3C 4 cluster.

Keywords DFTB parameters - Molybdenum carbide -
Hydrogenation

1 Introduction

With the flourishing of nanotechnology, transition-metal-
related nanocatalysts have attracted the interest of many
scientists due to their high activity, high selectivity and
long lifetime. Among the transition-metal-containing cata-
lysts, Mo,C is known for its extreme hardness, thermal sta-
bility and high reactivity in heterogeneous catalysis. It has
catalytic activity in a wide variety of reactions: hydrogena-
tion [1], hydrocracking [2], Fischer—Tropsch [3], ammonia
synthesis and decomposition [4], water—gas shift [5], dehy-
drogenation [6], isomerization [7] and methanation [8]. In
ultra-dispersed form, the molybdenum carbide nanopar-
ticles (MCNPs) were found to have equivalent activity to
noble metals in hydrogenation reactions [9] and are prom-
ising materials for large-scale industrial applications such
as the in situ upgrading of oil sands [10].
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Although ab initio or density functional theory (DFT)
methods are often the first choice for studying many chemi-
cal problems, there are still many cases for which sem-
iempirical methods can be attractive [11]. For example,
when the system contains a large number of atoms such
that the structural features or the dynamics or the entropy
plays important roles, the neglect of these factors may be
more severe than choosing a method slightly less accurate
than ab initio or DFT methods [11]. Also, technical issues
related to energy-level crossings during chemical reactions
and resulting SCF convergence failures in ab initio or DFT
methods make the application of these methods very dif-
ficult in practice. Reactions on nanoparticles, such as the
hydrogenation and hydrocracking of hydrocarbons on an
MCNP in an in situ oil sands emulsion environment, are
problems with both of the above-mentioned characteris-
tics. First, the MCNPs are usually larger than 2 nm in size
and are amorphous [12]; therefore, a small cluster model
of a few tens of atoms may miss the structural (shape of
the active sites) and electronic features (electron delocali-
zation over the entire nanoparticle) of the MCNPs. Periodic
models, on the other hand, ignore the finite-size effect [13].
Also, the catalytic reactions in industry usually happen at
high temperature in reaction environments, which implies
potentially important dynamic and entropic effects. Sec-
ondly, we have previously tried to use DFT [14] to study
the kinetics of benzene hydrogenation on MCNPs using
cluster models large enough to accommodate the benzene
and all the incoming hydrogen atoms. Due to difficulties in
SCF convergence and the N°~N* scaling of computer time
with respect to the number of orbitals, our DFT attempts
were not fully successful.

Density-functional-based tight-binding (DFTB) is
an approximate method [15] based on the second-order
expansion of the DFT energy functional with respect to
the density, and it requires only a small number of param-
eters. It has proven to be successful in the calculations
of geometries [16], dynamics [17], vibrational frequen-
cies [18] and band structures. Although DFTB may be
quantitatively less accurate than DFT, it has been shown
to give reliable predictions of structure and energies in
many chemical and physical problems such as enzyme-
catalyzed reactions, semiconductor etching reactions and
surface chemistry.

In this work, the DFTB parameters for the elements Mo,
C, H, O and Si are developed for the study of the hydrogen-
ation/hydrocracking of hydrocarbons on MCNPs in their
working environments. The goal of the work is to develop
and validate a new set of DFTB parameters for the five ele-
ments in view of their application to these important sys-
tems. The C, H and Mo parameters are critical for the cata-
lyzed hydrocarbon reactions and have been tested in terms
of electronic structure, geometry, vibrations and reaction
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energies. Si and O can be used to model the clay particles
(Si0,) in the environment and have been tested electroni-
cally and structurally. They have recently been applied in
an extensive study of the benzene hydrogenation reaction
on MCNPs, including a quantum mechanical/molecular
mechanical (QM/MM) model that included 100 benzene
molecules to model the solvent and used umbrella sam-
pling in order to calculate the free-energy profiles and bring
out important entropic effects [19]. Reference [19] should
be read along with the present paper since it represents the
ground-breaking application for which the DFTB param-
eters were developed.

2 Methodology

The total energy of DFTB is the expansion of the DFT
energy expression around the reference density to second
order [15, 16, 20]:

occ 1 £0 <7/) K
Elp] = Zni<1/fi —Evz +/7/dr + vxel ol Iﬁi>

i r—r

_1//
2
—/ch[/)o]ﬂod7+Enn
+ 1
2/

where vy is the exchange—correlation potential, and Ey,
is the nuclear repulsion energy. Practically, in DFTB, we
solve KS-like equations:
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where Vg is expressed as the superposition of spheri-
cal atom potentials calculated from superposed spheri-
cal atomic densities. These spherical atoms, however, are
under certain confinement potentials to reduce their spatial
extension taking into account the chemical environment of
the atoms in target systems. Therefore, determining proper
confinement potentials and subsequently solving the KS
equations of a spherical pseudoatom:
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to obtain the confined atomic orbitals are key steps of
generating DFTB parameters (in this context, the Slater—
Koster files). Afterward, the KS orbitals in Eq. (2) can now
be constructed as a linear combination of these atom-cen-
tered confined atomic orbitals, considering only valence
orbitals:

Vi (7) = cuid (7 - T?A), )

where i?A is the nucleus where orbital ¢ﬁ is centered.
Assuming a two-center approximation to the Vg in the
DFTB KS equivalent Eq. (2), three-center contributions in
DFT are reduced to two-center contributions that are cen-
tered at the same position as the basis function:

A(1)B
Vg A ef;u) () (5)

To ensure correct dissociation energies, the diagonal ele-
ments of the first-order KS matrix Fﬁ . are not calculated
with the Vg of the confined pseudoatom, but using that of
free spherical atoms. As a result, the Hamiltonian matrix
elements in standard DFTB are:

free
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The Hamiltonian matrix elements and the overlap matrix
elements are calculated once and stored in the DFTB
parameter files. In the self-consistent correction (SCC) ver-
sion of the method [21], the Hamiltonian matrix elements
are corrected by a charge fluctuation term H ;11,11:

N
Hy = Hffv + %Suv Z (Vug + voe) Ags = ng +H;]w
§ (N
where Agg is the change of orbital population (charge)
compared to that of the neutral free atom. In DFTB the
total energy expression in Eq. (1), the sum in the first line
is the electronic energy term, which can also be written as:
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The sum of the second line in Eq. (1) is the repulsive term:
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This term is somewhat similar in spirit to the exchange—
correlation energy in DFT. It collects all the terms that are
inefficient to evaluate analytically. It is called the repulsive
energy because it contains the nuclear—nuclear repulsion
term E,, and is, in total, repulsive. However, it also con-
tains the exchange—correlation energy and the electron—
electron Coulomb interactions. This term is usually fitted
against DFT or other ab initio methods. The fitting of the
repulsive potential is usually the most labor-intensive task
in DFTB parameterizations [22]. The sum of the third line
in Eq. (1) depends both on the reference density and on the
density fluctuation and is a second-order term:
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The combination of Epng- and Eppg-related parameters is
collectively called the electronic part of SCC-DFTB. Tech-
nically, Kohn—Sham and overlap matrix elements are typi-
cally tabulated using the Slater—Koster (SK) technique [23]
and together with the other parameters stored as text files
called Slater—Koster (SK) files. Although the self-consist-
ent charge (SCC) correction can improve the quality of the
DFTB calculations, it is known to cause convergence fail-
ure for transition-metal systems at high temperature, which
is the case for most MCNP-catalyzed reactions. So in this
work, the repulsive part is created to work with the stand-
ard DFTB without the SCC correction.

The most popular DFTB parameter sets are the “mio”
set from Elstner et al. [21]. and the “matsci” set from
Seifert et al. [24]. The traditional way of developing
DFTB parameters is to introduce new elements to one
of these two sets. In other words, one needs to make the
new elements work with each of the elements in the older
set. Instead of expanding the older parameter sets using
this traditional approach, we took advantage of a recently
developed DFTB parameter set (electronic part only) for
the whole periodic table [25]. In this development, a sem-
iautomatic parameterization scheme was used to build the
electronic part of the DFTB parameters for the periodic
table. A confinement potential was used to tighten the
Kohn—-Sham (KS) orbitals of each element with two free
parameters; the parameters for each element were opti-
mized such that this element can work with most other
elements, reaching consistency throughout the entire peri-
odic table.

There are two considerations for us to use this new
strategy in our current work. First, the mio [21] and
matsci [24] sets were developed many years ago and
were optimized to deal with systems of special interest.
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Table 1 Confinement potentials of the atoms Mo, C, H, O and Si

Atom 1, (bohr) o Valence shell
Mo 43 11.6 4d*5525p°

C 3.2 8.2 25%2p?

H 1.6 22 Is!

0 3.1 12.4 2s22p*

Si 4.4 12.8 3s%3p?3d°

The new DFTB electronic parameters developed recently
by Wahiduzzaman et al. [25] considered many different
phases and combinations of the elements in the periodic
table and reproduce very well the DFT band structures
of the target systems. These electronic parts of the DFTB
parameters conveniently laid the foundation for bridging
the gap between material systems and organic systems
in DFTB. Testing these electronic parts and parameter-
izing the repulsive part is the best strategy for develop-
ing a specific DFTB parameter set for treating inorganic
material-organic molecule hybrid systems with good
accuracy. Secondly, the traditional way of DFTB param-
eter development requires only the consistency among the
(usually only a few) elements of the systems of interest.
As a result, there exist many independent parameter sets
that work well by themselves, but could not work with
one another. This has greatly hindered the application of
the DFTB method. Our new strategy makes it more con-
venient for future extensions of our parameter set to other
elements.

3 Computational details
3.1 Validating the electronic part

The electronic part of the DFTB energy comes directly
from the DFTB pseudoatoms and parameters reported
recently [25]. In this procedure, the confinement poten-
tials are defined by two free parameters r, and o and opti-
mized to produce the band structures for a variety of crystal
systems:

r\°
Vconfz () P (11)
ro

where r is the confinement radius, and o is another free
parameter. The valence shells and electronic configurations
of the related pseudoatoms are listed in Table 1. For valida-
tion of the electronic part, the band structures of the peri-
odic systems are calculated using the same method as in
the literature [25] (DFT/PBE/TZP/ZORA in ADF/BAND
[26]); molecular systems are calculated with DFT/PBE/
DZVP/GEN-A2 in deMon2k [27].
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3.2 Building the repulsive part

The repulsive parts were parameterized against the original
Perdew, Burke and Ernzerhof (PBE) generalized gradient
approximation (GGA) exchange and correlation using the
deMon2k [27] code. The DZVP [28] basis set was used for
all light atoms. Mo atoms were treated with a relativistic
model core potential RMCP [29] and the relevant valence
basis set. The GEN-A2 auxiliary set [30] was used for the
fitting of the Coulombic potential and the exchange—cor-
relation functionals. These settings have been shown to
give very accurate energies and structures for Mo-related
systems in our previous benchmarkings [14]. For periodic
DEFT calculations, the VASP code was used with the PBE/
PAW [31] method. The kinetic energy cutoff was 500 eV,
and the Brillouin zone was sampled with 13 x 13 x 13
k-points. DFTB calculations for parameterization were per-
formed with the deMonNano [32] code. For transition-state
searches, the nudged elastic band (NEB) method with the
DFTB + code embedded in the Atomic Simulation Envi-
ronment (ASE) program [33] was used, with a conver-
gence criterion of 0.10 eV/A. Each chain of states in the
NEB consists of 19 images. The Mo;3C,q cluster has been
used in our previous work [14]. In the present study, the
Mo4;C, 4 substrate cluster was fixed, and all other atoms on
the surface were allowed to move.

The repulsive potentials are approximated as the super-
position of short-ranged diatomic contributions, and they
are calculated as the difference between the DFT energy
and the binding energy Eyyg as follows:

Erep [Rup] = {EpFT(Rup) — Ebnd (Rap) }- (12)

They are then fitted to reference calculations as polynomi-
als using the FIT [34] program written in C with the fol-
lowing expression:

n

P(x) = ciglrew — %) (f rew <x,PX) =0), (13)
=2

Here, x is the distance between the atoms and r,, is the cut-
off distance. r_, was chosen to minimize the errors in the
bonding region, which is within the distances that corre-
spond to 0.1 hartree in energy higher than the energy mini-
mum. The region from the cutoff distance to the dissocia-
tion limit was not fitted; instead, it was corrected with the
London dispersion energy in benchmarking or productive
calculations. The interval between each point was 0.1 bohr;
however, in the critical bonding region, an interval of 0.05
bohr was used to increase the fitting accuracy.

To be more specific, a DFT and a DFTB (with only
the electronic part) single-point calculation was per-
formed on each of the grid points. This is straightforward
for molecular systems. For periodic systems, we took the
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Table 2 The Slater—Koster files and the reference molecules used for
the fitting of repulsive potentials

SK parameter Reference system SK parameter Reference system

Mo-C hep-Mo,C [35] c-O CH;OH, CO, CO,
Mo-O MoO;, H-O H,O
Mo-H MoHg (prism, H-H H,

C3v)
Mo-Si MoH;SiH; 0-0 0,
Mo-Mo fce-Mo [36] O-Si H,Si0,
C-C C,H,, C,H,, Si-Si Si,Hg

CeHe, C;Hg
C-H CH, Si-H SiH,

Si-C SiH;CH;,4

experimental unit cell constants and the fractional coordi-
nates of the atoms and multiplied with a contraction coef-
ficient to scale the distances between the atom pairs to the
target values. Since deMonNano has only I™-point perio-
dicity implemented, a 5 x 5 x 5 supercell was used for
DFTB calculation of Mo (fcc) and 7 x 7 x 4 for Mo,C
(hcp). The calculated energies of both methods for the
entire region were extracted and fed into the FIT pro-
gram. The weights of the data points were adjusted such
that the region close to the equilibrium distance had higher
weight, and the data points far away from the equilibrium
distance had lower weight. A polynomial was then gener-
ated by the FIT program as the repulsive potential. This
repulsive potential has to be tested by adding to the SK file
and reproducing the DFT energy curve. Finally, these pol-
ynomials were converted to splines for use in other DFTB
programs, as the latter is the only format that can be recog-
nized by many DFTB programs.

In order to get the best performance of the new DFTB
parameters in modeling the in situ oil upgrading, the mol-
ecules used for the fitting must be properly chosen so that
they have similar interatomic bonding to the systems of
interest. The reference molecules used for the fitting of the
repulsive potentials are listed in Table 2.

The limitation of the DFTB method implies that it is
hardly possible to develop a parameter set that works uni-
versally for all systems. We balanced accuracy and trans-
ferability in such a way that our parameters are able to
predict the common hydrogenation reaction energies
close to chemical accuracy. This was done by shifting
the E,, curves for both the C-C and C-H curves simul-
taneously by values, which are named SHIFT ; and
SHIFT_¢, respectively. These two parameters are then
optimized iteratively to get the best hydrogenation ener-
gies for DFTB. For the hydrogenation reactions on Mo,C,
the accuracy of the energies on the potential energy sur-
face is largely determined by the movement of the H atom

on the Mo atoms, in other words, the Mo—H parameters.
This parameter was optimized by using different refer-
ence molecules and searching for the best SHIFT,;, _y
such that DFTB could reproduce the topology of H atoms
on the Mo,C surfaces (threefold hollow site, according
to DFT calculations [37]) and the dissociative adsorption
[37] energies of DFT. In the end, we found that the longer
Mo-H bonds in MoH (prism, Cs,) gave the best perfor-
mance; the relevant benchmarkings are included in the
results part.

4 Results and discussion
4.1 The electronic part

The electronic part of the parameters, as obtained by Wahi-
duzzaman et al. [25], produces band structures in close
agreement with DFT (PBE) reference data. Examples are
given in Fig. 1 for Mo (bcc) and MoC (rocksalt); other
data can be found in the supporting information of ref. 25.
For further validation, the band structures of Mo,C (space
group Pbcn) were calculated and compared with the band
structures obtained with DFT. Both calculations show that
Mo,C has a highly metallic nature with no band gaps.
DFTB reproduced very well the overlap of the conduction
band and the valence band in Mo,C.

As far as carbon is concerned, there are two types of
atomic environment in the target systems. One is the car-
bidic carbon in molybdenum carbide, and the other is the
organic carbon in the hydrocarbon molecules. Therefore,
the transferability of DFTB to deal with both of these cases
was tested. The applicability of our parameters to deal with
carbidic carbon is manifested in the calculation of MoC and
Mo,C band energies in Fig. 1. The extension of the DFTB
parameters to organic systems is confirmed by comparing
the molecular orbital energies of a variety of hydrocarbon
molecules to first-principle calculations (Fig. 2). We use
the occupied molecular orbital energies as our validation
protocol for the electronic part because as Eq. (10) shows,
the electronic energy (E,,4) is the sum of all the occupied
molecular orbital energies. In all the cases tested, our new
parameters match with the DFT PBE/DZVP results better
than the published DFTB parameter sets such as mio-SCC
and matsci (Dresden-SCC). Interestingly, the SCC correc-
tion does little to improve the calculated molecular orbital
energies.

To validate the quality of the electronic part of the
Mo-H, Mo-O and Mo-Si parameters, we also calculated
the orbital energies of MoHy (prism, Cs,), MoO; and
MoH;SiH;, respectively, using both DFT/PBE and DFTB.
As Fig. 3 shows, DFTB could reproduce the trends of the
orbital energies of DFT in all three molecules. For MoO;,

@ Springer



168 Page 6 of 14

Theor Chem Acc (2016) 135:168

(a)lo,o

=— DFT(PBE/TZP) = DFTB(QUASINANO) 4
8.0 F
6.0 |
4.0
>
v
~ 20F
>
2 o0
Y
8 a0
-4.0
-6.0
-8.0 :
P NP r H P r N
(€) oo
[ == DFT(PBE/TZP) — DFTB(QUASINANO) N

Energy / eV

Fig. 1 The band structure of selected Mo and molybdenum carbide
phases calculated with DFTB and DFT/PBE; all energies are relative
to the Fermi energy. a Mo (bcc), b Mo (fec) and ¢ MoC (rocksalt) are

DFTB overestimates the LUMO orbital energies compared
to DFT and SCC-DFTB. The shift of the orbital energies
down by ~0.5 hartree can be attributed to the decrease in
the electronic repulsion energies due to the omission of
multicenter interactions in DFTB. Although the Mo-H
bonds in MoHg should have some ionic nature, it is surpris-
ing that the SCC correction does little to improve the per-
formance of DFTB.

4.2 Structures

Our DFTB parameterization was tested for its accuracy for
structures by calculating the bond lengths of hydrocarbon
molecules and some other non-hydrocarbon molecules.
Compared to the reference bond distance of DFT/PBE, the
error for our DFTB is <1.45 %, slightly better than the mio
set (2.30 %). For non-hydrocarbon molecules, our new
SK set is almost at the same quality as the matsci set. The
RMS error of 5.25 % mostly comes from the MoC )
calculation. This is not a surprise as standard DFTB is
not good at treating open-shell systems. Also, the differ-
ence of the Mo—C bond between the reference compound
and MoC (*3_7) may also contribute to this error. Mo—C
parameters are fitted to the Mo,C (hcp) lattice structure
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adapted with permission from (J. Chem. Theory Comput. 2013, 9(9),
4006—4017) Copyright (2014) American Chemical Society. d Mo,C
(space group Pbcn) is from this work

where the C atoms are sitting in the Mo octahedral vacan-
cies. However, in MoC (327), the electronic configura-
tion is 100211657282, with much higher bond order
(Table 3).

To test the quality of the DFTB parameters for the treat-
ment of organic hydrocarbons on molybdenum carbide
clusters, the structures of the Mo;C—-benzene pair and the
Mo,C—ethylene pair were optimized with DFT/PBE and
DFTB. Figure 4 shows the DFTB structures, and Tables 4
and 5 compares bond lengths of DFT, DFTB and SCC-
DFTB. For the Mo;C-benzene pair (Table 4), both the dis-
torted benzene ring and the bonds between the benzene and
Mo;C are very close for the two methods. However, the
two Mo—C bond distances in Mo;C are much closer to each
other in DFT (they differ by 0.23 A) than in DFTB (differ
by 0.51 A); this is the main discrepancy between the two
methods. Also, DFTB tends to overestimate the dihedral
angle between the Mo—Mo—Mo plane and the Mo-Mo—C
plane. This is more obvious in the structure of the smaller
Mo,C—ethylene complex. The DFTB chemisorption bond
distance in the Mo,C—ethylene complex is different from
DFT by 0.08 A, while in the Mo;C-benzene complex
the average error of the chemisorption bond distance is
<0.004 A (Table 5).
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Fig. 2 The occupied molecular orbital energies of selected organic
molecules: methane, ethene, ethane and benzene calculated from
different levels of theories. H-n represents the nth molecular orbital

4.3 Vibrations

For the benzene molecule and the Mo;C-benzene com-
plex, normal mode analyses were performed based on
second derivative calculations. The generated vibrational
frequencies are compared with DFT/PBE results as plot-
ted in Fig. 5 (the values of the vibrational frequencies can
be found in the supporting information). Generally, the
DFTB results agree reasonably well with the DFT/PBE
results. For benzene, the largest deviation comes from the
700- to 850-cm™! region, which corresponds to the C—C—C
out-of-plane modes, and the 1450- to 1650-cm™! region,
which corresponds to the associated C—C and C-H stretch-
ing motions. The average error for benzene is 106.6 cm™".
When benzene is bonded to the Mo;C molecule, the out-of-
plane modes are restrained, giving better agreements with
DFT results. The new modes appear in the region below
400 cm™! correspond to the associated motions of the
Mo;C-benzene complex. For the region above 2800 cm™!,
the new C-H stretching modes are caused by the symmetry
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lower in energy than the highest occupied molecular orbital (HOMO).
“Dresden-SCC” refers to the matsci SK set. All calculations used the
DFT/PBE/DZVP optimized structure

breaking of benzene after binding with Mo;C. The DFTB
results agree quite well in both of these two regions. The
average error of DFTB for the Mo;C-benzene complex is
96.7 cm™ .

4.4 Hydrogen dissociative adsorption on molybdenum
carbide

The quality of the Mo—H parameters is tested in describ-
ing the adsorption of H, molecules on the Mo-termi-
nated (0001) surface of a MosgC,q cluster [14] cut from
a-Mo,C (space group: Pbcn). Periodic DFT calculations
[37] have shown that H, adsorbs dissociatively on the
threefold hollow sites of the (0001) surface of Mo,C;
among the Hm (a Mo atom under the Mo—Mo-Mo hol-
low site), Hc (a C atom under the Mo—Mo-Mo hollow
site) and Vc (a vacancy under the Mo—-Mo-Mo hollow
site) sites, H atoms occupy the Hm and Vc sites. Here,
two H atoms are used for the adsorption in order to keep
the system in a closed-shell state. We consider all the
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Fig. 3 The molecular orbital energies of a MoHg, b MoO; and ¢ MoH;SiHj; calculated from different levels of theories; H-n represents the nth
molecular orbital lower in energy than the HOMO. All calculations used the PBE/RMCP optimized structure

three combinations of the Hm and Vc sites: Vc—Vc sites,
Vc-Hm sites and Hm—Hm sites (Fig. 6). The adsorp-
tion energies of the three adsorption configurations are
compared to DFT in Table 6. The average error in the
adsorption energy is only 0.9 kcal/mol, although DFTB
could not follow exactly the trend of site preferences of
DFT. The latter finding is not a surprise because the sec-
ond layers of atoms which define the local environment
of the sites are far away from the H atoms. Since the
DFTB atom-centered orbitals are known to decay rap-
idly from the center of the atom, long-range interactions
are essentially handled by the UFF-type dispersion term
[38]. However, the PBE functional form in DFT contains
a significant amount of correlation effect [38] in this
range to be sensitive enough to the electron density dif-
ference in the second layer. Also, the correction of PBE
by the damped dispersion term [39] may also contribute
to the difference between DFT and DFTB. As such, the
accuracy of the adsorption energies may be affected if
dispersion corrections are accounted for in a different
way.

@ Springer

4.5 Hydrogenation/hydrocracking reaction energies
and the transition states

As this parameter set has been developed mainly to
study the hydrogenation and hydrocracking reactions
of hydrocarbons, its accuracy in calculating the reac-
tion energies of various hydrogenation/hydrocracking
reactions has been tested further. We selected 10 reac-
tions (Table 7), including the hydrogenation of C-C tri-
ple bonds (#1), and typical double bonds (#2 and #9),
the successive hydrogenation of an aromatic ring (#3,
#4 and #5), and the hydrocracking of C-C single bonds
in aliphatic (#6, #7 and #10) and cyclic molecules (#8).
In most cases, DFTB energies are close to correspond-
ing DFT/PBE energies with errors of ~2 kcal/mol. One
exception is the hydrogenation of acetylene to ethylene,
for which the DFT/PBE overestimates the exothermicity
of the reaction by ~10 kcal/mol, but DFTB gives reason-
able results. The hydrocracking of ethane and cyclohex-
ane DFTB has errors of ~5 kcal/mol compared to DFT/
PBE (Table 7).
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Table 3 Selected bond

: S Property DFT/PBE mio (SCC) matsci (SCC) DFTB SCC-DFTB
distances (A)
Hydrogen (H,)
H-H 0.760 0.742 0.743 0.762 0.762
Water (H,0)
O-H 0.974 0.966 0.968 0.965 0.959
Methane (CH,)
C-H 1.101 1.089 1.106 1.103 1.105
Ethane (C,Hg)
Cc-C 1.534 1.501 1.509 1.521 1.525
C-H 1.104 1.098 1.110 1.108 1.111
Ethylene (C,H,)
Cc=C 1.342 1.327 1.324 1.336 1.337
C-H 1.097 1.094 1.102 1.098 1.100
Ethyne (C,H,)
Cc=C 1.221 1.203 1.207 1.210 1.210
C-H 1.077 1.075 1.082 1.076 1.072
Benzene (C¢Hg)
Cc-C 1.454 1.396 1.393 1.409 1.411
C-H 1.097 1.099 1.102 1.099 1.102
CO
C=0 1.153 1.100 1.100 1.132 1.136
CO,
C=0 1.183 1.164 1.172 1.197 1.191
Methanol (CH;0H)
C-0 1.433 1.420 1.461 1.452 1.463
C-H (short) 1.102 1.102 1.108 1.106 1.110
C-H (long) 1.109 1.112 1.118 1.114 1.126
O-H 0.974 0.979 0.969 0.965 0.959
RMSD (hydrocarbons) 0.023 0.023 0.015 0.016
Si,Hg
Si-Si 2.356 - 2.229 2.335 2.314
Si-H 1.504 - 1.504 1.519 1.522
H,Si0O,
Si-O 1.661 - 1.687 1.633 1.642
O-H 0.974 - 0.965 0.959 0.953
MoC (°¥7)
Mo=C 1.708 - - 1.566 1.563
Mo (fcc)®
Mo-Mo 2.837 - 2.837 2.870 2.870
Cell(a=b=c) 4.012 - 4.011 4.059 4.059
Mo,C (hcp)b
Cell (a) 4.755 - - 4.798 4.800
Cell (b) 6.075 - - 6.071 6.069
Cell (c) 5.239 - - 5.174 5.175
Mo-C?* 2.123 - - 2.079 2.080
Mo-Mo?* 3.004 - - 2.984 2.985
MoH (prism, C;,)
Mo-H (long) 1.680 - - 1.665 1.663
Mo-H (short) 1.630 - - 1.646 1.643
MoO;
Mo=0 1.710 - - 1.694 1.676

@ Springer
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Table 3 continued

Fig. 4 The optimized structures
of the Mo;C-benzene pair (a)

and the Mo,C—ethylene pair (b)
with DFTB. The H atoms are in
white, C in gray and Mo in cyan

Table 4 The optimized bond
lengths of the Mo;C—benzene
pair with DFT/PBE and DFTB

Table S The optimized bond
lengths of the Mo,C—ethylene
pair with DFT/PBE and DFTB

@ Springer

Property DFT/PBE mio (SCC) matsci (SCC) DFTB SCC-DFTB
MoSiH;(CH;)s
Mo-Si 2.534 - - 2.562 2.575
RMSD (non-hydrocarbons) - - 0.070 0.049 0.051

? The average distances obtained with optimized atomic positions and lattice vectors

® All lattice cell parameters as well as the atomic positions are optimized in DFTB, with the same k-points
as used in DFT

Bonds DFT DFTB SCC-DFTB Bonds DFT DFTB SCC-DFTB
Cl1-C2 1.49 1.52 1.52 Mol1-Cl1 2.17 2.19 2.19
C2-C3 1.45 1.47 1.47 Mo1-C6 2.56 2.61 2.68
C3-C4 1.44 1.44 1.44 Mo2-C2 2.17 2.13 2.12
C4-C5 1.44 1.43 1.43 Mo2-C3 2.23 2.21 2.22
C5-Co6 1.46 1.46 1.46 Mo3-C5 2.19 223 2.24
C6-Cl1 1.48 1.49 1.50 Mo3-C6 2.28 223 221

CIl-Hl 1.10 1.11 1.12 Mol-Mo2 2.69 2.75 2.70
C2-H2 1.10 1.11 1.11 Mo2-Mo3 2.19 2.09 2.05
C3-H3 1.10 1.10 1.10 Mo3-Mol 2.52 231 2.32
C4-H4 1.09 1.10 1.10 Mol1-C7 1.79 1.67 1.69
C5-H5 1.10 1.10 1.10 Mo2-C7 2.03 2.18 2.00
C6-Ho6 1.09 1.10 1.11 RMSD 0.07 0.07

Bonds DFT DFTB SCC-DFTB Bonds DFT DFTB SCC-DFTB
Cl1-C2 1.51 1.54 1.53 Mo1-Cl1 2.16 2.08 2.11
Cl-Hl1 1.11 1.12 1.12 Mo2-C2 2.16 2.08 2.11
C1-H4 1.11 1.12 1.12 Mol-Mo2 2.17 2.01 2.01
C2-H2 1.11 1.12 1.12 Mo1-C3 1.90 1.85 1.84
C2-H3 1.11 1.12 1.12 Mo2-C3 1.90 1.85 1.84
RMSD 0.07 0.06
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Fig. 5 Harmonic vibrational frequencies of Mo;C—benzene complex
and benzene molecule with DFTB and DFT/PBE. The geometries of
the molecules have been optimized at the respective levels of theory
prior to the normal mode analysis

The quality of the DFTB parameters to describe the tran-
sition states of hydrogenation reactions on molybdenum
carbide clusters is verified by comparing to DFT results
the transition states of benzene hydrogenation reaction on
a fixed Mo;3C g cluster. As Fig. 7 shows, our DFTB param-
eters can reproduce the reaction energies of the benzene
hydrogenation reaction, as well as the reaction coordinates
and the energy barriers of both hydrogenation and dehydro-
genation reactions. As mentioned, further application of the

Vc-Vc sites

Vc-Hm sites

Table 6 The dissociative adsorption energies (kcal/mol) of H, on the
Mo-terminated (0001) surface of a Mo;gC, 4 cluster

Configuration®  DFT/PBE/dispersion =~ DFTB/dispersion  Error
Ve-Ve —51.5 —48.0 35
Vc-Hm —41.7 —43.8 2.1
Hm-Hm —46.0 —50.1 4.1
Average —46.4 —47.3 0.9

% All structures are optimized at the respective levels of theories; the
MossC,4 substrate cluster is fixed and all other atoms are allowed to
move

DFTB parameters in the hydrogenation reactions on more
realistic models of molybdenum carbide nanoparticles has
been reported elsewhere (see Ref. [19]), using a biased
molecular dynamics protocol.

5 Conclusion

In this work, DFTB parameters for the elements Mo, C
and H were developed to model catalytic hydrogenation/
hydrocracking of hydrocarbons on MCNPs in hydrocar-
bon and clay-containing environments. This is a DFTB
parameter set that is developed for hybrid inorganic
material-organic systems. It takes advantage of the elec-
tronic part developed by a semiautomated parameteri-
zation scheme for DFTB for the periodic table. Com-
parison between DFT and DFTB of the band structures

Hm-Hm sites

Fig. 6 The three dissociative adsorption configurations of H, on MosC,y: Vc—Vc sites, Vc—Hm sites and Hm—Hm sites calculated from DFTB.
The MosgC,q substrate cluster is fixed, and all other atoms are allowed to move

@ Springer
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Table 7 ARE of selected

I o #  Hydrogenation reactions® DFT/PBE DFTB
hydrogenation reactions® (in
kcal/mol) 1 H H -51.5 —38.2
—41.1) [40
! W oem, H (—41.1) [40]
2 H H H H —40.2 —42.6
Sn
Hy, —
Y
H H H
3 5.5 6.8
+H, —_
4 —34.1 -31.0
+ HZ _— @
5 —28.2 —31.6
b - O
6 H -16.9 —10.9
S
W +H2 e 2 wiiH
X H
H H
7 —14.5 —14.3
\/\/\ +H, 2 \/
8 —214 —16.5
+ H2 - . \/\/\
®  CH;CH,CH=CH(CH,);CH; +H, — 3  CHyCH,)CH, —334 =343
1 —14. —14.
0 CH3(CH2)14CH3 + H2 —_— 2 CH3(CH2)6CH3 6 3

# No correction for zero point energy is performed

b All geometries of the molecules are optimized at the respective level of theories

of various phases of Mo and molybdenum carbide and
the molecular orbital energies of hydrocarbons proved
the accuracy of the new DFTB parameter set in elec-
tronic structure calculations. The repulsive potentials
were fitted to polynomials using appropriate reference
molecules. Our parameterization was tested for a set of
relevant molecules and shows an accuracy of <1.45 %
error in bond distances for hydrocarbons and 4.86 %
for non-hydrocarbons. It could reproduce the structure
and vibrational frequencies of the tested hydrocarbon—
molybdenum carbide complex from DFT calculations, as

@ Springer

well as the dissociative adsorption of H, on the molyb-
denum carbide surface. The energy benchmarking shows
that the parameters are of good accuracy for the hydro-
genation/hydrocracking reaction energies and transition
states of the selected hydrogenation reactions. Of course,
as with all semiempirical parameterizations, transferabil-
ity is limited to systems and properties that are “simi-
lar” to the training set. Also, the errors in distances and
frequencies limit the predictive capability of the method.
We think that our parameters, which cover all of the
above properties of molecular and meaningfully large
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energy (kcal/mol)
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Fig. 7 The reaction paths of benzene hydrogenation on a Mo;sC g
MCNP calculated by DFT (transition-state search) and DFTB
(nudged elastic band). The Mo;gC, 4 substrate cluster is fixed, and all
other atoms are allowed to move. “Dispersion” indicates that the UFF
dispersion coefficients are included in the DFT and DFTB calcula-
tions. The reaction coordinate is defined as the distance between the
incoming H atom and the target C atom on the benzene ring

clusters, including the activation energy, represent the
state of the art, as does the application to molybdenum
carbide nanocatalysts under working conditions reported
in Ref. [19].

Acknowledgments We thank Dr. Agnieszka Kuc at Jacobs Univer-
sity for useful discussions on a few technical issues. We would also
like to thank NSERC for funding and Compute Canada/Westgrid and
Jacobs University for providing computational resources. The Marie
Curie IRSES Action TEMMIP is thanked for providing networking
resources between University of Calgary and Jacobs University.

References

1. LeelJS, Yeom MH, Park KY, Nam I-S, Chung JS, Kim YG, Moon
SH (1991) Preparation and benzene hydrogenation activity of
supported molybdenum carbide catalysts. J Catal 128(1):126—
136. doi:10.1016/0021-9517(91)90072-¢

2. Ardakani SJ, Smith KJ (2011) A comparative study of ring open-
ing of naphthalene, tetralin and decalin over Mo,C/HY and Pd/
HY catalysts. Appl Catal A Gen 403(1-2):36-47. doi:10.1016/;.
apcata.2011.06.013

3. Saito M, Anderson RB (1980) The activity of several molybde-
num compounds for the methanation of CO. J Catal 63(2):438-
446. doi:10.1016/0021-9517(80)90098-6

4. Kojima R, K-i A (2001) Molybdenum nitride and carbide cata-
lysts for ammonia synthesis. Appl Catal A Gen 219(1-2):141-
147. doi:10.1016/S0926-860X(01)00676-7

5. Liu P, Rodriguez JA (2006) Water-gas-shift reaction on molyb-
denum carbide surfaces: essential role of the oxycarbide. J Phys
Chem B 110(39):19418-19425. doi:10.1021/jp0621629

6. DuJ, WuJ, Guo T, Zhao R, Li J (2014) Catalytic performance
of Mo,C supported on onion-like carbon for dehydrogenation of
cyclohexane. RSC Adv. doi:10.1039/c4ra08238a

7. Ledoux MJ, Pham-Huu C, Dunlop H, Guille J (1993)
n-Hexane isomerization on high specific surface Mo,C

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

activated by an oxidative treatment. In: Guczi L, Solymosi
F, Tétenyi P (eds) Studies in surface science and cataly-
sis, vol 75. Elsevier, Amsterdam, pp 955-967. doi:10.1016/
S0167-2991(08)64425-0

Lin SSY, Thomson WJ, Hagensen TJ, Ha SY (2007) Steam
reforming of methanol using supported Mo,C catalysts. Appl
Catal A Gen 318:121-127. doi:10.1016/j.apcata.2006.10.054
Frauwallner ML, Lopez-Linares F, Lara-Romero J, Scott CE,
Ali V, Hernandez E, Pereira-Almao P (2011) Toluene hydro-
genation at low temperature using a molybdenum carbide
catalyst. Appl Catal A Gen 394(1-2):62-70. doi:10.1016/].
apcata.2010.12.024

Pereira-Almao P (2012) In situ upgrading of bitumen and
heavy oils via nanocatalysis. Can J Chem Eng 90(2):320-329.
doi:10.1002/cjce.21646

Cui Q, Elstner M (2014) Density functional tight binding: values
of semi-empirical methods in an ab initio era. Phys Chem Chem
Phys 16(28):14368-14377. doi:10.1039/c4cp00908h

Hopkins JB, Langridge-Smith PRR, Morse MD, Smalley RE
(1983) Supersonic metal cluster beams of refractory met-
als: spectral investigations of ultracold Mo,. J Chem Phys
78(4):1627-1637. doi:10.1063/1.444961

Kent PRC, Hood RQ, Williamson AJ, Needs RJ, Foulkes WMC,
Rajagopal G (1999) Finite-size errors in quantum many-body
simulations of extended systems. Phys Rev B 59(3):1917-1929.
doi:10.1103/PhysRevB.59.1917

Liu X, Tkalych A, Zhou B, Koster AM, Salahub DR (2013)
Adsorption of hexacyclic C¢Hg, CHg, CgHyy, and C¢H;, on
a Mo-terminated a-Mo,C (0001) surface. J Phys Chem C
117(14):7069-7080. doi:10.1021/jp312204u

Oliveira AF, Seifert G, Heine T, Duarte HA (2009) Den-
sity-functional based tight-binding: an approximate DFT
method. J Braz Chem Soc 20:1193-1205. doi:10.1590/
S0103-50532009000700002

Porezag D, Frauenheim T, Kohler T, Seifert G, Kaschner R
(1995) Construction of tight-binding-like potentials on the basis
of density-functional theory: application to carbon. Phys Rev B
51(19):12947-12957. doi: 10.1103/PhysRevB.51.12947

Ohta Y, Okamoto Y, Irle S, Morokuma K (2008) Temperature
dependence of iron-catalyzed continued single-walled carbon
nanotube growth rates: density functional tight-binding molec-
ular dynamics simulations. J Phys Chem C 113(1):159-169.
doi:10.1021/jp808493f

Witek HA, Morokuma K (2004) Systematic study of vibrational
frequencies calculated with the self-consistent charge density
functional tight-binding method. J Comput Chem 25(15):1858—
1864. doi:10.1002/jcc.20112

Liu X, Salahub DR (2015) Molybdenum carbide nanocatalysts at
work in the in situ environment: a density functional tight-bind-
ing and quantum mechanical/molecular mechanical study. J] Am
Chem Soc 137(12):4249-4259. doi:10.1021/jacs.5b01494
Seifert G, Porezag D, Frauenheim T (1996) Calculations of mol-
ecules, clusters, and solids with a simplified LCAO-DFT-LDA
scheme. Int J Quantum Chem 58(2):185-192. doi:10.1002/
(sici)1097-461x(1996)58:2<185::aid-qua7>3.0.co;2-u

Elstner M, Porezag D, Jungnickel G, Elsner J, Haugk M, Frau-
enheim T, Suhai S, Seifert G (1998) Self-consistent-charge
density-functional tight-binding method for simulations of
complex materials properties. Phys Rev B 58(11):7260-7268.
doi:10.1103/PhysRevB.58.7260

Koskinen P, Miékinen V (2009) Density-functional tight-binding
for beginners. Comput Mater Sci 47(1):237-253. doi:10.1016/j.
commatsci.2009.07.013

Slater JC, Koster GF (1954) Simplified LCAO method for
the periodic potential problem. Phys Rev 94(6):1498-1524.
doi:10.1103/PhysRev.94.1498

@ Springer


http://dx.doi.org/10.1016/0021-9517(91)90072-c
http://dx.doi.org/10.1016/j.apcata.2011.06.013
http://dx.doi.org/10.1016/j.apcata.2011.06.013
http://dx.doi.org/10.1016/0021-9517(80)90098-6
http://dx.doi.org/10.1016/S0926-860X(01)00676-7
http://dx.doi.org/10.1021/jp0621629
http://dx.doi.org/10.1039/c4ra08238a
http://dx.doi.org/10.1016/S0167-2991(08)64425-0
http://dx.doi.org/10.1016/S0167-2991(08)64425-0
http://dx.doi.org/10.1016/j.apcata.2006.10.054
http://dx.doi.org/10.1016/j.apcata.2010.12.024
http://dx.doi.org/10.1016/j.apcata.2010.12.024
http://dx.doi.org/10.1002/cjce.21646
http://dx.doi.org/10.1039/c4cp00908h
http://dx.doi.org/10.1063/1.444961
http://dx.doi.org/10.1103/PhysRevB.59.1917
http://dx.doi.org/10.1021/jp312204u
http://dx.doi.org/10.1590/S0103-50532009000700002
http://dx.doi.org/10.1590/S0103-50532009000700002
http://dx.doi.org/10.1103/PhysRevB.51.12947
http://dx.doi.org/10.1021/jp808493f
http://dx.doi.org/10.1002/jcc.20112
http://dx.doi.org/10.1021/jacs.5b01494
http://dx.doi.org/10.1103/PhysRevB.58.7260
http://dx.doi.org/10.1016/j.commatsci.2009.07.013
http://dx.doi.org/10.1016/j.commatsci.2009.07.013
http://dx.doi.org/10.1103/PhysRev.94.1498

168 Page 14 of 14

Theor Chem Acc (2016) 135:168

24.

25.

26.

27.

28.

29.

30.

31.

32.

Frenzel J, Oliveira AF, Jardillier N, Heine T, Seifert G (2004—
2009) Semi-relativistic, selfconsistent charge Slater—Koster
tables for density-functional based tight-binding (DFTB) for
materials science simulations. TU-Dresden

Wahiduzzaman M, Oliveira AF, Philipsen P, Zhechkov L, van
Lenthe E, Witek HA, Heine T (2013) DFTB parameters for the
periodic table: part 1. Electronic structure. J] Chem Theory Com-
put 9(9):4006—4017. doi:10.1021/ct4004959

te Velde G, Baerends EJ (1991) Precise density-functional
method for periodic structures. Phys Rev B 44(15):7888-7903.
doi:10.1103/PhysRevB.44.7888

Koster AM, Geudtner G, Calaminici P, Casida ME, Dominguez
VD, Flores-Moreno R, Goursot A, Heine T, Ipatov A, Janetzko
F, Del Campo JM, Revelevs JU, Vela A, Zuniga B, Salahub DR
(2011) deMon2k. The deMon Developers, CINVESTAV, Mexico
Godbout N, Salahub DR (1992) Optimization of Gaussian-type
basis sets for local spin density functional calculations. Part 1.
Boron through neon, optimization technique and validation. Can
J Chem 70(2):560-571. doi:10.1139/v92-079

Lovallo CC, Klobukowski M (2004) Improved model core
potentials for the second- and third-row transition metals. J
Comput Chem 25(9):1206-1213. doi:10.1002/jcc.20044
Calaminici P, Janetzko F, Koster AM, Mejia-Olvera R, Zuniga-
Gutierrez B (2007) Density functional theory optimized basis
sets for gradient corrected functionals: 3d transition metal sys-
tems. J Chem Phys. doi:10.1063/1.2431643

Blochl PE (1994) Projector augmented-wave method. Phys Rev
B 50(24):17953-17979. doi:10.1103/PhysRevB.50.17953

Heine T, Patchkovskii S, Frenzel J, Koster AM, Calaminici P,
Duarte HA, Escalante S, Flores-Moreno R, Goursot A, Reveles
JU, Salahub DR, Vela A (2009) The deMon user’s guide, Version
deMon-Nano Experiment 2009

@ Springer

33.

34.

35.

36.

37.

38.

39.

40.

Bahn SR, Jacobsen KW (2002) An object-oriented scripting
interface to a legacy electronic structure code. Comput Sci Eng
4(3):56-66. doi:10.1109/5992.998641

Program for fitting repulsive potentials, developed in the group
of Prof. Gotthard Seifert. http://theory.chm.tu-dresden.de/index.
shtml (unpublished)

Abderrahim FZ, Faraoun HI, Ouahrani T (2012) Structure, bond-
ing and stability of semi-carbides M2C and sub-carbides M4C
(M =YV, Cr, Nb, Mo, Ta, W): a first principles investigation. Phys
B 407(18):3833-3838. doi:10.1016/j.physb.2012.05.070
Wyckoff RWG (1963) Crystal structures, vol 1, 2nd edn. Inter-
science Publishers, New York

Ren J, Huo C-F, Wang J, Cao Z, Li Y-W, Jiao H (2006) Den-
sity functional theory study into the adsorption of CO,, H and
CH, (x = 0-3) as well as C,H, on a-Mo,C(0001). Surf Sci
600(11):2329-2337. doi:10.1016/j.susc.2006.03.027

Zhechkov L, Heine T, Patchkovskii S, Seifert G, Duarte HA
(2005) An efficient a posteriori treatment for dispersion interac-
tion in density-functional-based tight binding. J Chem Theory
Comput 1(5):841-847. doi:10.1021/ct050065y

Goursot A, Mineva T, Kevorkyants R, Talbi D (2007) Interaction
between n-alkane chains: applicability of the empirically cor-
rected density functional theory for Van der Waals complexest. J
Chem Theory Comput 3(3):755-763. doi:10.1021/ct600373f
Bos ANR, Westerterp KR (1993) Mechanism and kinetics of the
selective hydrogenation of ethyne and ethene. Chem Eng Process
32(1):1-7. doi:10.1016/0255-2701(93)87001-B


http://dx.doi.org/10.1021/ct4004959
http://dx.doi.org/10.1103/PhysRevB.44.7888
http://dx.doi.org/10.1139/v92-079
http://dx.doi.org/10.1002/jcc.20044
http://dx.doi.org/10.1063/1.2431643
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1109/5992.998641
http://theory.chm.tu-dresden.de/index.shtml
http://theory.chm.tu-dresden.de/index.shtml
http://dx.doi.org/10.1016/j.physb.2012.05.070
http://dx.doi.org/10.1016/j.susc.2006.03.027
http://dx.doi.org/10.1021/ct050065y
http://dx.doi.org/10.1021/ct600373f
http://dx.doi.org/10.1016/0255-2701(93)87001-B

	Density-functional-based tight-binding parameterization of Mo, C, H, O and Si for studying hydrogenation reactions on molybdenum carbide
	Abstract 
	1 Introduction
	2 Methodology
	3 Computational details
	3.1 Validating the electronic part
	3.2 Building the repulsive part

	4 Results and discussion
	4.1 The electronic part
	4.2 Structures
	4.3 Vibrations
	4.4 Hydrogen dissociative adsorption on molybdenum carbide
	4.5 Hydrogenationhydrocracking reaction energies and the transition states

	5 Conclusion
	Acknowledgments 
	References




