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N-nitrosodimethylamine  (NDMA)  reaction  with  coadsorbed  hydrogen  on  the  Ni{1  1 1}  surface  has  been
investigated  in the  low  coverage  regime  using  first-principles  calculations.  The  results  of previous  cal-
culations  found  that  isolated  NDMA  adsorbs  on  the Ni surface  in  two  different  competitive  ways  as  the
two  most  stable  configurations.  In the  upright  configuration  the adsorption  is via the  ON  end.  This  con-
figuration  is  slightly  preferred  energetically  to the flat  configuration,  in  which  the  interaction  is via  the
ONN  plane.  However,  this  last  configuration  leads  to  a facile  dissociation  of  the  NDMA  molecule  via the
N N bond.  In  the present  article,  it is found  that  the  formation  of  dimethylamine  (DMA)  and  NO on the
-nitrosodimethylamine (NDMA)
imethylamine (DMA)
ydrogen
i{1 1 1} surface
oadsorption
issociation

surface  is preferred  to  the  formation  of other  products  on  the  surface  from  the  flat  configuration  in the
low  NDMA  coverage  regime.  Hydrogen  is needed  for the  DMA  formation.  Besides  that,  high  coverage  of
adsorbed  hydrogen  decreases  the  activation  energy  needed  to break  the  N N bond  in  the  flat  adsorption
configuration.

©  2014  Elsevier  B.V.  All  rights  reserved.

irst principles calculations

. Introduction

Many of the N-nitrosamine compounds attracted attention
ecause of their carcinogenic power and other effects such as dia-
etes and foetal malformations. Since 1930 it has been reported
hat N-nitrosamines induce cancer to several small mammals and
sh [1–3]. Although no direct link between human cancer and the
xposure to N-nitrosamines has been established, it is suspected
hat this is the case [4].

It is well known that the formation of NDMA occurs in the
rocess of water purification [5–12]. Traditional water treatment
echniques (biodegradation, air stripping and activated carbon
dsorption) are inefficient methods to degrade NDMA [13,14].
wo experimental techniques seem to be promising treatments
or NDMA elimination from drinking water and waste-water:
ydrogen-based membrane biofilm reactor (MBfR) [15] and catal-
sis [14,16–19]. The theoretical efforts of the present article are
ocused on this last method.

Experimental works have reported NDMA degradation on dif-

erent metal catalysts (in the presence of hydrogen or in its absence)
14,16–19]. Most of the results show nickel as key element in
he catalysts. Nickel seems to be a very active component in

E-mail address: vranea@inifta.unlp.edu.ar

ttp://dx.doi.org/10.1016/j.molcata.2014.05.010
381-1169/© 2014 Elsevier B.V. All rights reserved.
the catalysis process even in very small concentrations. Different
mechanisms have been proposed for NDMA (ONN(CH3)2) decom-
position under different conditions on metal catalysts [14,16–19].
Two mechanisms for NDMA decomposition on metal surfaces were
described in a previous article [20] and they are summarized here:

1. initial N O bond cleavage of the adsorbed NDMA molecule

ONN(CH3)ad
2 → Oad + NN(CH3)ad

2 (1)

to form ammonia (NH3) and dimethylamine (HN(CH3)2, DMA),
after interaction with hydrogen in several steps.

2. initial N N bond cleavage of the adsorbed NDMA molecule

ONN(CH3)ad
2 → ONad + N(CH3)ad

2 (2)

to form dimethylamine (HN(CH3)2) and ammonia (NH3) or dini-
trogen (N2), after interaction with hydrogen.

Two  stable adsorption configurations were reported as the most
stable for NDMA on the Ni{1 1 1} surface: upright and flat [20]. In the
upright configuration the NDMA molecule is bound to the surface
via the ON end to two different atoms of the surface. NDMA disso-

ciation from this configuration is described by Eq. (1). On the other
hand, in the flat adsorption configuration the NDMA molecule is
bound to the surface via the ONN plane to three different nickel
atoms. NDMA dissociation from this adsorption configuration is

dx.doi.org/10.1016/j.molcata.2014.05.010
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.05.010&domain=pdf
mailto:vranea@inifta.unlp.edu.ar
dx.doi.org/10.1016/j.molcata.2014.05.010
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escribed by Eq. (2). It was also shown, in that article [20], that
reaking the N O (Eq. 1) or N N (Eq. 2) bonds are favorable pro-
esses on the Ni{1 1 1} surface. However, the activation energy
eeded to cleave the N N bond (Eq. 2) is lower by 0.33 eV than
hat one needed to break the N O bond (Eq. 1). This indicates that
DMA fragmentation via the N N bond cleavage (Eq. 2) seems to
e more likely.

In this article, the coadsorption of NDMA adsorbed in the flat
onfiguration with low hydrogen coverage on the Ni{1 1 1} surface
nd the final formation of fragments on the surface are investi-
ated. Low coverage of NDMA is assumed. In this configuration the
dsorption takes three metal atoms of the surface. Otherwise, at

 higher coverage the upright configuration will probably domi-
ate the adsorption. Several adsorption hollow sites are studied for

 near adsorbed NDMA. Only the hydrogen that adsorbs on the
urface is taken into account in this manuscript. The interactions
etween NDMA and hydrogen described here occur in aqueous
nvironment and the mentioned species could interact not only via
he surface but via other mechanisms. Interaction (repulsion) ener-
ies are calculated between adsorbates. After that initial interaction
wo dissociation pathways are investigated:

. NO and DMA  formation

ONN(CH3)ad
2 + Had → ONad + HN(CH3)ad

2 (3)

. HNO and N(CH3)2 formation

ONN(CH3)ad
2 + Had → HNOad + N(CH3)ad

2 (4)

The results presented here show that although both interaction
athways (Eqs. (3) and (4)) are favorable energetically, NO and DMA
ormation is more likely to occur (Eq. (3)) from the flat configuration
t low NDMA coverage. The effect of coadsorbed hydrogen on the
nergy barrier for NDMA dissociation is also investigated.

. Methodology

First-principles total energy calculations were performed using
ensity functional theory (DFT) as implemented in the Vienna Ab

nitio Simulation Package (VASP) [21,22]. The Kohn–Sham equa-
ions were solved using the projector augmented wave (PAW)
pproach for describing electronic core states [23,24] and a plane-
ave basis set including plane waves up to 400 eV. Electron

xchange and correlation energies were calculated within the gen-
ralized gradient approximation (GGA) in the Perdew–Wang 91
orm [25]. Spin-polarization calculations have been performed for
solated adsorbed and coadsorbed NDMA molecule. Atomic relax-
tions are considered converged when the forces on the ions
re less than 0.03 eV/Å. The climbing image nudged elastic band
ethod (CI-NEB) was used to calculate the activation energies.
nly one image was used that was forced to the maximum in

he potential energy path between the initial and final stable
onfigurations. In a previous article [20] the CI-NEB method was
sed to calculate the minimum energy path (MEP) of the isolated
dsorbed NDMA molecule using five images. Only one maximum
as found and the activation energy for fragmentation was cal-

ulated (0.23 eV). In the present report only one image is used in
rder to calculate or estimate only the activation energy for NDMA
ragmentation.

The system (the Ni{1 1 1} surface and the adsorbate(s)) was
odeled by a hexagonal supercell with lattice constants a = 7.471

nd c = 20.334Å [26]. The surface was modeled by 4-layer thick slab

eparated by more than 15 Åvacuum region to avoid interactions
etween slabs due to periodic boundary conditions. A (3 × 3) sur-
ace was used to minimize lateral interactions. The atoms of the
wo external layers and the adsorbate were allowed to freely relax
s A: Chemical 392 (2014) 157–163

according to the calculated forces on them. The first Brillouin zone
of the supercell was sampled with a (4 × 4 ×1) � centered mesh,
that gives 10 automatic k-points. This is the only difference in the
computational configuration with respect to the previous report
[20].

The adsorption energy, E, was  calculated as:

E = TE
(

adsorbate
srf

)
−

∑
j

TEj(adsorbate) − TE(srf)

the adsorbate refers to the adsorbed species. The first term is the
energy of the optimized configuration of adsorbed species on the
clean relaxed surface. The second term is the gas phase energy of
the adsorbate, half of the molecular H2 energy is used for atomic
hydrogen. The third term is the energy of the clean optimized Ni
surface. With this definition, negative values of E stand for stable
configurations.

3. Results and discussion

In a previous article [20], two  stable adsorption configurations
were found as the most stable for NDMA on the Ni{1 1 1} sur-
face: upright and flat. The NDMA molecule binds via the ON end
to two nickel atoms of the surface in the upright configuration,
as shown in the left panel of Fig. 1. In the flat configuration, the
NDMA molecule binds to three atoms of the surface via its ONN
plane, as shown in the central and right panels of Fig. 1. In that
article [20] and in the present manuscript, van der Waals (vdW)
interactions are not included. If they were included, probably the
interactions between the NDMA molecule and the nickel surface
would be a bit stronger, mainly in the flat adsorption configura-
tion. This means that the calculated adsorption energy would be
a bit higher in absolute value. However, the adsorption would not
change, probably [27]. The adsorption would still be via the oxygen
and nitrogen atoms to three nickel atoms of the surface. The ONN
plane would still be nearly parallel to the surface plane, although
probably at a different distance [28]. The adsorption of a larger
molecule, but still planar, has been studied with and without vdW
interactions on the Ag{1 1 1} surface [28]. The calculated adsorp-
tion energy of azobenzene is 0.1 eV using PBE but 0.98 eV using
vdW-DF [28]. This last value is in agreement with the experimen-
tal desorption energy, 1.0 ± 0.1 eV [29]. For NDMA adsorption on
the Ni{1 1 1} surface in the flat configuration is not expected such a
large value for the vdW forces. In fact, on the same surface used in
the present manuscript, Ni{1 1 1}, the vdW interactions seem not
to be present when adsorption of phenol is investigated using PBE
([30] and references within [31]).

In that article [20], the activation energy needed to dissociate
the NDMA molecule into two  fragments was calculated. From the
upright configuration the cleavage of the O N bond leaves O and
NN(CH3)2 adsorbed on the surface (Eq. (1)). The cleavage of the
N N bond from the flat configuration produces NO and N(CH3)2
adsorbed on the surface (Eq. (2)). The upright adsorption config-
uration is favorable to the flat configuration by 0.13 eV. However,
the activation barrier to dissociate NDMA from the flat configura-
tion into NO and N(CH3)2 is lower by 0.33 eV. Although the NDMA
adsorption in the flat configuration is less likely than the adsorption
in the upright configuration, the NDMA dissociation from the flat
configuration is much more likely. In order for the NDMA molecule
to adsorb in the flat configuration low coverage is required, other-
wise, the upright configuration is going to dominate. In the present
report, the coadsorption of H and NDMA in the flat configuration,

the N N bond fragmentation and the formation of products are
investigated.

Calculated adsorption energy for NDMA in the flat configura-
tion is −0.82 eV. The ON, NN, NC and CH calculated bond lengths
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Fig. 1. (Left panel) Balls model for the NDMA adsorption in the upright configuration. (Central and right panels) Balls model for NDMA adsorbed in the flat configuration
(lateral and top view, respectively). On the panel on the right, the letters mark the different H coadsorption configurations investigated. Table 1 and Fig. 2 show the calculated
repulsion and adsorption energies for every coadsorption configuration. Big and small light (light blue) balls stand for Ni and H atoms, respectively. Black (blue), dark (red)
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nd  light (yellow) medium balls stand for N, O and C atoms, respectively. (For interp
ersion of the article.)

re 1.32, 1.51, 1.48 and 1.10 Å, respectively; the ONN bond angle is
09.6◦. These values are compared with those calculated for the iso-

ated NDMA molecule: 1.24, 1.35, 1.45 and 1.10 Å, for the ON, NN, NC
nd CH bond lengths, respectively; the calculated ONN bond angle
s 115.8◦. As can be seen, the O N N part of the NDMA molecule is
he most affected by the interaction with the surface. The optimized

 Ni and N Ni bond lengths are 1.95, 1.93 and 2.04 Å, respectively.
Calculated adsorption energies for isolated atomic hydrogen on

he Ni{1 1 1} surface are −0.59 and −0.57 eV for fcc and hcp hol-
ow sites, respectively. The H Ni bond lengths are 1.70 Å in both
dsorption configurations.
In order to investigate the interaction between adsorbed
pecies, hydrogen is adsorbed on the neighbor hollow sites around
he NDMA molecule in the flat configuration. Only coadsorbed
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ig. 2. Energy diagram for NDMA dissociation assisted by coadsorbed hydrogen. Stage 

nd  clean optimized Ni{1 1 1} energy. Stage B: isolated NDMA adsorption and isolated H
nergy, Ea , of NDMA and H. The most unstable adsorption configurations are (from the top
nd Table 1). Stage D: two possible pathways for NDMA dissociation across the N N bon
eparated at infinite distance.
ion of the references to color in this figure legend, the reader is referred to the web

hydrogen is taken into account. The right panel of Fig. 1 shows
a schematic top view of the different investigated H and NDMA
coadsorption configurations.

Hydrogen and NDMA coadsorption is stable in all marked con-
figurations in Fig. 1 except in the fcc hollow site marked with
i. Fig. 2 shows the energy diagram of H coadsorption and reac-
tion with NDMA on the Ni{1 1 1} surface. Half of the calculated
energy of molecular hydrogen, the energy of the isolated NDMA
and the energy of the clean optimized Ni{1 1 1} surface are taken
as the reference energy (stage A in Fig. 1). Adsorbed NDMA with-
out interaction with adsorbed H is stable with respect to that

energy of reference (the systems H/Ni{1 1 1} and NDMA/Ni{1 1 1}
are separated by an infinite distance, stage B). The energy of
non-interacting adsorbed H and adsorbed NDMA is calculated as

[HON+N(CH3)2] (a)

[ON+HN(CH3)2] (a)

] (a)

N(CH3)2 (a)

HN(CH3)2 (a)

ON (a)

HON (a)

D E

A: energy of reference: NDMA gas phase energy, half of the H2 gas phase energy
 adsorption separated by an infinite distance (Enon ≈ −1.40 eV). Stage C: adsorption
) configurations m,  a and e. The most stable adsorption configuration is k (see Fig. 1

d: HON–N(CH3)2 or ON–HN(CH3)2 coadsorption. Stage E: adsorption of the species
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Table  1
Adsorption and repulsion energies (E and Er in eV) in the H–NDMA coadsorption configurations. Different H adsorption on hollow sites around the NDMA molecule adsorbed
in  the flat configuration. The letters individualize H adsorption sites shown in Fig. 1 right panel. Hydrogen subsurface adsorption in configuration f. Configuration i is not
stable.  Also shown, in the bottom part, the H–NDMA distances and the H Ni bond lengths (in Å) for the m, a and e configurations (configurations where coadsorbates adsorb
on  two  common surface atoms). Isolated H Ni bond lengths are 1.70 Å.

H ads site m a e b l c h d j g k f (ss)

E −0.29 −0.51 −0.84 −0.93 −1.06 −1.07 −1.07 −1.09 −1.09 −1.11 −1.14 −0.69
Er 1.11 0.88 0.55 0.49 0.35 0.32 0.32 0.31 0.31 0.30 0.25
H–NDMA 2.13 2.18 2.32
distances 2.19 2.22 2.39
H Ni 1.66 1.71 1.71
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It should be noticed from Table 2 that N N bond length of the
NDMA molecule is not strongly modified by H coadsorption on
sites a or e (1.53 and 1.49 Å, respectively). However, for hydro-
gen coadsorption on site a in the maximum of the PES, the N N

Table 2
Distances in the isolated NDMA adsorption and in the a and e coadsorption config-
urations (see Fig. 4): nitrogen–nitrogen and nitrogen–hydrogen distances.

Initial Maximum Final
Bond 1.57 1.61 1.67
Lengths 1.51 1.52 1.57

non = EH + ENDMA = −0.59 eV + (−0.82 eV) = −1.41 eV as long as the H
dsorption is on the fcc hollow site and −1.39 eV when H adsorption
akes place on hcp hollow site (stage B) (Fig. 3).

From stage A, NDMA and H adsorption takes place on the nickel
urface in some of the configurations shown on the right panel of
ig. 1. Assuming the same coverage of H and NDMA, the adsorp-
ion energy will be one of the energies shown in stage C in Fig. 2.
ll the values of the adsorption energy are between −1.14 and
0.29 eV. The difference between the calculated adsorption energy

 (stage C in Fig. 2) and the energy of non-interacting adsorbed
 and NDMA, Enon (stage B), is the interaction energy between

he two adsorbates, Er. Positive values of Er indicate repulsive
nteraction.

Table 1 reports that the calculated repulsive interaction energy,
r, between adsorbates is maximum in the configurations in which
he H is adsorbed in the position marked as m,  a and e in Fig. 1
Er = 1.11, 0.88 and 0.55 eV, respectively). This indicates that the
onfigurations in which the hydrogen is adsorbed on the hollow
ites marked as m,  a and e, with respect to the NDMA adsorbed in the
at configuration, are the less likely of all the stable configurations
arked in Fig. 1. At low hydrogen coverage, configurations with less

epulsive energy are the most likely. When the hydrogen coverage
ncreases, configurations with higher repulsive energies are more
ikely than at lower coverage. High hydrogen coverage is required
n order to increase the probabilities of configurations m,  a and e.
he configurations where the H atom adsorbs on the sites m,  a and

 respect to the NDMA molecule adsorbed in the flat configuration
re the only three configurations where both adsorbates are bound
o two common surface nickel atoms.

A comparison of the distances between the coadsorbed hydro-
en atom and the NDMA molecule, in these three coadsorption
onfigurations, shows that for slightly longer distances the repul-
ion between adsorbates is smaller (bottom part of the Table 1). The
istances between the coadsorbed hydrogen and the two  nearest
DMA atoms are shorter in the m configuration. As a consequence,

he repulsion is stronger than in the a and e configurations where
he distances are longer.

In the f configuration the hydrogen adsorption is subsurface,
here is not a stable configuration in which the hydrogen atom is
dsorbed on the surface.

H–NDMA repulsive energy is lower in configurations in which
he adsorbates are bound to one common nickel atom. Most of these
epulsion energies are in the range 0.30–0.35 eV. The configura-
ions with the lowest adsorption energy (absolute value), due to the
ighest repulsion energy (H in positions m,  a or e), are less likely to
ccur than the other coadsorption configurations and probably high
ydrogen coverage is required in order for the hydrogen to occupy
ome of these sites. For low hydrogen coverage configurations in

hich the repulsive energy is lower are going to happen first, prob-

bly. For higher coverage, configurations in which the repulsive
nergy is higher are going to happen. This is, for low hydrogen cov-
rage, the hydrogen atom is going to adsorb first in the site k. As
the hydrogen coverage increases the hydrogen atoms are going to
fill, probably, the sites g, j, d, h, c, l, b, e, a and m.

In a previous article [20], the energy barrier needed to dissoci-
ate the adsorbed NDMA molecule across the N N bond from the
flat configuration was calculated in about 0.23 eV. It was found, in
that article [20], that the ON and N(CH3)2 fragments have a stable
adsorption on top of, or monocoordinated to, one nickel atom of
the surface. The top three panels in Fig. 4 show a balls model for
the initial isolated NDMA adsorption in the flat configuration, the
maximum in the PES and the final NO–N(CH3)2 coadsorption, from
left to right, respectively. The first line in Table 2 shows the N N
bond in the initial state (isolated NDMA adsorption) is 1.51 Å(see
upper row, left panel of Fig. 4), to finally reach a N N distance of
almost 2 Å(see upper row, right panel of Fig. 4). In the maximum of
the PES the N N distance is 1.64 Å(see upper row, central panel in
Fig. 4).

How does hydrogen coadsorption on different sites shown in
Fig. 1 affect the energy barrier needed to dissociate the adsorbed
NDMA via the N N bond?

Calculated energy barriers for H–NDMA coadsorption config-
urations where the hydrogen is adsorbed on the sites b, c and
d are in the range 0.21–0.23 eV. These adsorption configurations
are among the most likely to occur because of the low repul-
sive energy between the adsorbed species, as Table 1 indicates.
Hydrogen coadsorption in the mentioned configurations does not
decrease strongly the activation energy for isolated NDMA disso-
ciation on the surface. Hydrogen adsorption on the site marked
as f does not decrease markedly the activation energy for NDMA
dissociation (from 0.23 eV to 0.19 eV).

The hydrogen coadsorption on the sites marked as a and e in
Fig. 1 is unlikely for low hydrogen coverage due to a higher repul-
sive energy, as Table 1 indicates. However, the energy barrier for
NDMA dissociation is decreased to ≈0.07 eV (from 0.23 eV) once
hydrogen adsorption takes place. This energy is almost the energy
difference between initial and final states. These results predict that
the hydrogen coadsorption on the sites marked with a and e in Fig. 1
increase significantly the probabilities of NDMA dissociation on the
Ni{1 1 1} surface.
N N N H N N N H N N N H

Isolated 1.51 1.64 1.98
a  1.53 2.24 2.21 2.07 2.25 2.21 2.09 2.23 2.20
e 1.49 2.69 2.37 1.74 2.90 2.47 1.93 3.09 2.45
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Fig. 3. Dissociation of the NDMA molecule adsorbed in the flat configuration. Rel-
ative energy (eV) vs reaction coordinate (Å). On the left, the relative energy of the
adsorbed NDMA molecule, with or without a coadsorbed H atom. Dashed line stands
for  the fragmentation of the isolated NDMA adsorbed on the Ni{1 1 1} surface. The
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s  around 0.23 eV. Solid lines marked with the letters stand for NDMA fragmentation
fter H adsorption on the sites marked in Fig. 1.

istance is longer by 0.43 Åthan in the isolated NDMA adsorp-
ion, whereas it is only 0.1 Ålonger when hydrogen adsorption is
n site e. A comparison of the final states shows that the N N
istance is longer by 0.11 Åwhen adsorption takes place on site
 and shorter by 0.05 Åthan the isolated NDMA adsorption. Also,
he coadsorbed H N distances in this configuration are not mostly
ffected upon NDMA adsorption. They are about 2.2 Åno matter
he NDMA adsorption is molecular or after NDMA dissociation.

ig. 4. Balls model for NDMA dissociation to NO and N(CH3)2 on the intermediate configu
iews  of the isolated NDMA adsorption, the maximum in the MEP  and dissociated NDMA (f

 H coadsorption in the configurations a and e (respectively), from left to right, NDMA mol
ee  right panel of Fig. 1. The N N and N H distances are shown in Table 2. Big light (ligh
alls  stand for N, O and C atoms, respectively. Light (light blue) and dark (purple) small

ndicates position of the coadsorbed H. (For interpretation of the references to color in th
s A: Chemical 392 (2014) 157–163 161

A comparison between the states labeled as maximum and final
for hydrogen coadsorption on sites a and e, shows the structures
of the maximum and the final states are very similar. Also, the
energy difference, 0.01 eV, is very small, in both cases. It seems
that in these cases, a and e, the final state is wide and includes
the maximum found in the calculations (within the error of the
calculations). And so, the activation energy for NDMA dissociation
seems to be the energy difference between the initial and the final
states.

Isolated NDMA dissociation on the Ni{1 1 1} surface is produced
with an activation energy of 0.23 eV. For low coverage of H, only
sites with low repulsive energy are going to be filled, site c, for
example. It is unlikely that sites such as a or e will be filled at low
H coverage. Under these conditions the coadsorption of H does not
decrease that activation energy and the adsorbed H species only
help in the formation of the DMA  molecule only after the NDMA
molecule dissociates on the surface. If the H coverage is higher,
sites a and e are going to be filled and the activation barrier for
NDMA dissociation is going to be lower, increasing the probabilities
of dissociation. In order to increase the probabilities of NDMA disso-
ciation, adsorbed in the flat configuration, high hydrogen coverage
is required to increase the probabilities of hydrogen adsorption on
sites a and e.

After NDMA and H coadsorption and after NDMA dissociation
breaking the N N bond on the Ni{1 1 1} surface (stage C shown in

Fig. 2) two pathways are investigated: the H atom could bind to the
NO fragment or to the N(CH3)2 fragment.

Stage D in Fig. 2 shows both pathways are stable and more
likely than any of the stable H–NDMA coadsorption configurations.

ration on the Ni{1 1 1} surface (see reference [20]). The three top panels show top
rom left to right). The central and bottom three panels show top views of the NDMA

ecular coadsorption, the maximum in the MEP  and final fragments, NO–N(CH3)2–H.
t blue) balls stand for Ni atoms. Black (blue), dark (red) and light (yellow) medium

 balls stand for the CH3 hydrogens and the coadsorbed H, respectively. The arrow
is figure legend, the reader is referred to the web version of the article.)
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Fig. 5. Balls model for the coadsorption of the fragments after N N cleavage. On
the left, the NOH and N(CH3)2 fragments. On the panel on the right, NO and DMA
fragments where the N H bond is in the direction of the NO fragment. The cor-
responding energies are included in the Stage D in Fig. 2. Big and small light blue
balls stand for Ni and H atoms, medium blue, red and yellow balls stand for N, O
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[20] V.A. Ranea, T.J. Strathmann, J.R. Shapley, C.J. Werth, W.F. Schneider, Chem-
nd  C atoms, respectively. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

ormation of the NOH and N(CH3)2 fragments adsorbed on the Ni
urface is stable by −1.83 eV, whereas if the hydrogen atom binds to
he N(CH3)2 fragment in order to form NO and DMA  adsorbed on the
i surface, the adsorption energy is −2.87 eV. Comparison of these

wo energies indicates that formation of NO and DMA  (HN(CH3)2)
s more stable by more than 1 eV on this nickel face and much more
ikely to occur. Fig. 5 shows a balls model for the optimal configu-
ation found in which the H is bound to the oxygen of the NO end.
he repulsion energy between fragments is about 0.03 eV, as stage

 shows. Hydrogen bound to the nitrogen of the NO fragment is not
table.

The other pathway shown in Fig. 2 stage D, from H and NDMA
o-adsorption, shows a more favorable N N bond fragmentation.
roduction of NO and DMA  co-adsorbed on the surface is exother-
ic  by 2.87 eV, as long as the N H bond is in the direction of the
O fragment. This value is 1.04 eV energetically favorable against
OH N(CH3)2 formation on the nickel surface.

DMA  and N2 molecules have been found in recent experiments
14]. NDMA and H2 have been co-adsorbed on Raney catalysts
n aqueous environment. In the experiments, the authors report
MA production simultaneously with the NDMA elimination. Final
mount of DMA  is reported equal to the initial NDMA amount
s an indication that each NDMA molecule produces one DMA
olecule. The same experimental results show a delay in the
2 production and the final measurement is about half of the

nitial NDMA amount. This result could mean that two NDMA
olecules are needed to produce one N2 molecule. The N2 for-
ation from two NO molecules on the surface and posterior

esorption needs a few intermediate steps to be completed. Prob-
bly, all the intermediate steps are activated processes and this
ould explain the delay in the N2 formation as experimental results
how.

. Conclusions

In a previous article, two stable NDMA adsorption configura-
ions on Ni{1 1 1} were found: upright and flat.  Dissociation from
he flat configuration is more likely due to a lower activation energy
o break the N N bond into NO and N(CH3)2 fragments. In the
resent report the effect of the coadsorption of atomic hydrogen
ith NDMA in the flat adsorption configuration is investigated.
lthough coadsorption is stable for the investigated configurations,
 repulsion energy between 0.25 and 1.11 eV is calculated between
 and NDMA in all these configurations.

The H coadsorption around the NDMA molecule adsorbed in
he flat configuration has different effects on the activation energy

[
[
[
[

s A: Chemical 392 (2014) 157–163

for its dissociation. The activation energy for NDMA dissocia-
tion is notably reduced from 0.23 to 0.07 eV when H adsorption
takes place in the sites marked with the letters a and e in
Fig. 1. The last value is almost the energy difference between
the initial and final stable states. Together with the fact that
the maximum and the final states are very similar indicate that
probably the final state is wide and it is the maximum in the
PES.

In these two  adsorption configurations, both adsorbates are
bound to two  common nickel atoms. Also, in these configura-
tions the H fragment is around the N N bond in a way in which
makes the formation of the more stable DMA  configuration easy
with its NH bond near the NO fragment. The adsorption ener-
gies of the configurations a and e are smaller than most of
the other configurations and the probabilities of occupancy are
also lower. In order to populate these sites, high H coverage is
needed.

After NDMA dissociation, two  pathways for H reaction with the
fragments are studied: formation of HNO and N(CH3)2 and forma-
tion of NO and DMA  (HN(CH3)2); the last one being more stable by
more than 1 eV. These theoretical results support the experimen-
tal results [14]. They show DMA  formation from H and NDMA in
aqueous media. Also, the final amount of DMA  is about the same as
the initial NDMA. This is also in agreement with the model exposed
here that shows formation of one DMA  molecule from each initial
NDMA molecule. Experimental results [14] also show that the for-
mation of N2 is about half of the initial amount of NDMA. In the
model introduced in this report, N2 formation is from two NO frag-
ments and each fragment is formed after dissociation of one NDMA
molecule.
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