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Abstract

The hydrogenation of hydrogen cyanide to methylamine on Ni(111) has been studied as a model reaction for the hydrogenation of nitriles
to primary amines, using density functional theory. Hydrogen cyanide adsorbs strongly on Ni(111) with an adsorption energy of −1.50 eV
with the CN bond parallel to the surface. The product of the hydrogenation reaction, methylamine, is relatively weakly adsorbed on the surface
compared with the hydrogen cyanide, with an adsorption energy of −0.56 eV, very similar to the adsorption energy of ammonia, −0.41 eV.
The hydrogenation reaction goes through an imine intermediate (H2CNH) independently of whether hydrogen reacts with the carbon atom or
nitrogen atom of the hydrogen cyanide molecule in the first hydrogenation step. From the imine intermediate, the hydrogenation reaction is likely
to proceed via a H3CNH species to methylamine (H3CNH2). On the other hand, if we explore the backward reaction, methylamine decomposition
on Ni(111), our calculations show that C–H bond cleavage is slightly favored over N–H bond-breaking, leading to the formation of H2CNH2.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Industrial production of important amines is carried out via
nitrile hydrogenation in the liquid phase at elevated hydrogen
pressure. Depending on the desired product, different metal cat-
alysts are recommended: Co, Ni, and Ru for primary amine
production; Cu and Rh when secondary amines are the desired
product; and Pt and Pd for tertiary amine formation. The se-
lectivity of these reactions is especially important in primary
amine production, because the byproducts thus obtained cannot
be utilized economically and because the separation of primary
and secondary amines is difficult due to similar boiling points.
The hydrogenation of fatty nitriles and adiponitrile are impor-
tant reactions of this kind. The reaction mechanism responsible
for the production of primary amines implies an imine interme-
diate that can condensate with the final primary amine to give
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secondary amines as byproducts. Tertiary amines can also be
obtained through an enamine intermediate. Several promoters
have been described for the metal catalysts mentioned above.
Mn, Ag, Zr, and Pb enhance the selectivity of Co toward pri-
mary amine production, and Pd has a similar effect on Ni. It has
also been observed that the support used in combination with
those metals is not crucial for the selectivity [1,2]. The influence
of the structure of the nitriles on the kinetics and selectivity has
also been investigated [3,4]. In addition to the hydrogenation of
nitriles in the liquid phase, the hydrogenation of acetonitrile in
the gas phase has been studied as well [5,6]. The theoretical lit-
erature on the hydrogenation of nitriles is rather scarce; we have
found only one reference dealing with the hydrogenation of ace-
tonitrile on Ni(100) using extended Hückel calculations [7]. To
the best of our knowledge, there are no theoretical papers study-
ing the hydrogenation of nitriles to amines.

The adsorption of HCN on single crystals has been studied
using several experimental techniques, including near-edge
X-ray fine structure (NEXAFS) [8], high-resolution electron
energy loss spectroscopy (HREELS) [8,9], reflection–absorp-
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tion infrared spectroscopy (RAIRS) [10,11], secondary-ion
mass spectroscopy (SIMS) [12,13], X-ray photoelectron spec-
troscopy (XPS) [9], Auger electronic spectroscopy (AES) [14],
temperature-programmed reaction spectroscopy (TPRS), and
temperature-programmed desorption (TPD) [9,11–18]. Most of
these papers focus on determining whether HCN adsorbs via
the lone pair of the nitrogen atom in a perpendicular orientation
or parallel to the surface. For example, it has been reported, us-
ing NEXAFS and HREELS [8], that HCN adsorbs molecularly
on Pd(111) with the CN bond parallel to the surface. How-
ever, TPD experiments show two desorption features at 150
and 400 K; the low-temperature feature corresponds to the
HCN adsorbed via the lone pair of the nitrogen atom in a per-
pendicular orientation, whereas the high temperature feature
was associated with the recombination of atomic hydrogen and
CN [17]. On the other hand, two desorption features have also
been reported for HCN on W(100): a low-temperature feature
associated with HCN adsorbed in a perpendicular orientation,
and a high-temperature feature ascribed to HCN adsorbed par-
allel to the surface [9]. HCN adsorption has also been studied
on Cu(100) [10,11] and Pt(111) [11]; experiments showed that
HCN adsorbs only in a perpendicular orientation. HCN has
been reported to react on Pt(111), yielding NCH2 and CN,
whereas CN bond cleavage has been reported on Ni(111) [14],
Ru(0001) [15] and W(100) [9,16]. To the best of our knowl-
edge, there are just a few theoretical papers studying the ad-
sorption of HCN on single crystals; Yang and Whitten studied
the adsorption of HCN and HNC on Ni(111) using the com-
plete active space self-consistent field method (CASSCF) and
the embedding cluster approach [19]. More recently, DFT clus-
ter model calculations were done to study the adsorption of
HCN on Cu(100) [20].

Several experimental studies have reported the adsorption
and decomposition of methylamine using several techniques:
TPD and TPRS studies on Ni [21–23], Pt [24,25], Pd [26]
and W [27], XPS on Pd [26], RAIRS on Ni [28,29] and
Fe [28], angle-resolved ultraviolet photoelectron spectroscopy
(ARUPS) on Pt [24], AES on Rh [30], EELS on Ni [31], and
SIMS on Pd [26]. Dehydrogenation of methylamine has been
observed on Ni(111) [21]. It has been reported that the CH
bond is broken before the NH bond, demonstrating that the CH
bond is less stable than the NH one [21,22]. The opposite be-
havior has been found for other metals, such as Pd(111) [26]
and Pt(111) [24]. Interestingly, the ability to form secondary
and tertiary amines seems to be easier on those metals in which
the NH bond is less stable than the CH bond. On the other
hand, the decomposition of methylamine through C–N bond
scission instead of dehydrogenation takes place on Ni(100) and
Cr(111) [23,28,31]. The ability to break the CN bond could
be related to the different adsorption sites for methylamine
on these surfaces [29,31]. The C–N bond cleavage of methyl-
amine on several metal surfaces has been studied theoreti-
cally [32].

In this work, we use density functional theory (DFT) and the
slab model approximation to study the hydrogenation of nitriles
to primary amines on nickel catalysts. The (111) surface of
nickel has been chosen to model the nickel catalyst and hydro-
gen cyanide as a model molecule containing the nitrile group;
HCN has been chosen because it is the smallest molecule that
contains the nitrile group, which allows us to work with smaller
unit cells, translating into less computational needs. We report
here the adsorption modes of HCN, CH3NH2, and all of the
intermediate species involved in the hydrogenation reaction of
HCN on Ni(111) using DFT. The adsorption energies, energy
barriers, and adsorption geometries of all the species studied
are discussed. The minimum energy reaction pathways for the
hydrogenation of hydrogen cyanide to methylamine are also de-
scribed here.

2. Computational details

We have used the Vienna ab initio simulation package
(VASP) [33,34], which performs an iterative solution of the
Kohn–Sham equations in a plane-wave basis set. Plane waves
with a kinetic energy �300 eV were included in the calcula-
tion. The exchange-correlation energy was calculated within
the generalized gradient approximation (GGA) using the form
of the functional proposed by Perdew and Wang [35,36], usu-
ally referred to as Perdew–Wang 91 (PW91). The electron–ion
interactions for C, N, H, and Ni are described by the projector-
augmented wave (PAW) method developed by Blöchl [37]. This
is essentially an all-electron frozen-core method combining the
accuracy of all-electron methods and the computational sim-
plicity of the pseudopotential approach, especially in the imple-
mentation of Kresse and Joubert [38]. A first-order Methfessel–
Paxton smearing function with a width of about 0.1 eV was
used to account for fractional occupancies [39]. Spin-polarized
calculations were done to account for the magnetic properties
of nickel. The relative positions of the metal atoms were fixed
initially as those in the bulk, with an optimized lattice para-
meter of 3.5217 Å for nickel. The optimized lattice parameter
was calculated using the smallest unit cell that can be used to
model the bulk of Ni, and its reciprocal space was sampled
with a (15 × 15 × 15) k-point grid generated automatically us-
ing the Monkhorst–Pack method [40]. The calculated magnetic
moment of fcc Ni at the equilibrium lattice constant is 0.626μB,
in good agreement with the experimental value of 0.606μB re-
ported by Kittel [41].

The Ni(111) surface was modeled with a four-layer slab
model with four nickel atoms per metal layer representing
a p(2 × 2) surface unit cell and a vacuum region of ∼10 Å.
The reciprocal space of the p(2 × 2) unit cell was sampled
with a (5 × 5 × 1) k-points grid generated automatically using
the Monkhorst–Pack method. Partial geometry optimizations
were performed, including relaxation of the first metal layer,
using the RMM-DIIS algorithm [42]. In this method, the forces
on the atoms and the stress tensor were used to determine the
search directions for finding the equilibrium positions. Geome-
try optimizations were stopped when the difference in the total
energy in two consecutive steps was <0.001 eV. The loca-
tion of the transition states was done in two steps: (1) using
the climbing-image nudget elastic band method (CI-NEB) [43],
with five images generated by linear interpolation between reac-
tants and products, to find likely transition state structures, and
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(2) refining the structure of the transition state by performing
a geometry optimization calculation using as starting geome-
try the highest-energy image and a convergence criterion based
on the forces acting on the atoms. The transition state struc-
ture was converged when the forces acting on the atoms were
all <0.04 eV/Å for the various degrees of freedom set in the
calculation.

The molecules in the gas phase (needed to obtain adsorption
energies) have been calculated using a 10 × 10 × 10 Å3 cu-
bic unit cell. Spin-polarized calculations were performed when
needed. A Gaussian smearing function with a width of 0.01 eV
was used to account for fractional occupancies.

3. Results and discussion

3.1. Hydrogen cyanide (HC≡N)

HCN is likely to adsorb either perpendicular to the metal
surface through the lone pair of the nitrogen atom or flat with
the CN bond parallel or tilted with respect to the surface. In the
latter configuration, both the carbon and nitrogen atoms interact
with the surface metal atoms (Fig. 1). We calculated the adsorp-
tion of the HCN molecule at different adsorption sites consid-
ering both orientations. Our results for HCN show that the par-
allel adsorption modes are energetically favored compared with
the perpendicular modes (Table 1). The most stable adsorption
state corresponds to HCN adsorbed on a hollow site parallel to
the Ni(111) surface that we refer to as f-η3(N)-h-η3(C), where
f represents fcc and h represents hcp. η3(N) indicates that the
nitrogen atom interacts with three surface atoms. In this con-
figuration, both nitrogen and carbon atoms are located in two
adjacent fcc and hcp sites, respectively. The adsorption en-
ergy of HCN in the parallel modes varies between −0.90 and
−1.50 eV. In the case of the perpendicular modes, adsorption
energies between −0.34 and −0.58 eV were obtained, with the
t-η1(N), or simply the top site, being the most stable.

The HCN molecule adsorbed perpendicularly via the N atom
on a top site is perturbed only slightly with respect to the gas-
phase structure and has a C–N distance of 1.17 Å and a C–H
distance of 1.07 Å. These values are very similar to those of the
calculated HCN molecule in the gas phase and also similar to
those reported experimentally [44] (Table 1). The same trend
was found for HCN adsorbed on a bridge site and on threefold
hollow sites (hcp and fcc) perpendicular to the surface. Greater
activation of the CN bond was found for HCN in parallel con-
figurations; in these cases the CN distance can be as large as
1.34 Å, representing an elongation of the CN distance of 0.18 Å
with respect to HCN in the gas phase. For the parallel configu-
rations, the calculated HCN angle lies between 121◦ and 128◦
in all cases, which is clearly an indication of sp2 hybridization

(a)

(b)

Fig. 1. Adsorption of HCN on Ni(111): (a) parallel to the surface, f-η3(N)-
h-η3(C) and (b) perpendicular at top sites, t-η1(N).
Table 1
HCN adsorption on Ni(111) in both perpendicular (⊥) and parallel orientations (=)

Configuration Eads
a (eV) dCN

b (Å) dCH (Å) � HCN (◦) z-Nc (Å) z-Cc (Å)

⊥ t-η1(N) −0.58 1.17 (0.01) 1.07 180 1.96 –
b-η2(N) −0.36 1.19 (0.03) 1.07 180 1.57 –
h-η3(N) −0.34 1.20 (0.04) 1.07 180 1.40 –
f-η3(N) −0.35 1.20 (0.04) 1.07 180 1.39 –

= b-η1(C,N) −0.90 1.26 (0.09) 1.11 128 1.85 1.83
h-η2(C,N) −1.25 1.31 (0.15) 1.11 125 1.53 1.55
f-η2(C,N) −1.24 1.31 (0.15) 1.11 125 1.52 1.53
f-η3(N)-h-η3(C) −1.50 1.34 (0.17) 1.11 122 1.28 1.37
h-η3(N)-f-η3(C) −1.45 1.33 (0.17) 1.11 121 1.30 1.38

Gas phase Calculated – 1.16 1.08 180 – –
Exp. [44] – 1.156 1.064 180 – –

a Calculated as the energy of the reaction: HCN(g) + adsorption site → HCN(ads).
b �dCN between parentheses is the elongation of the CN bond with respect to the calculated hydrogen cyanide molecule.
c z-X is the height of X to the Ni(111) surface.
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of both carbon and nitrogen atoms. In addition, the CH bond
was also slightly activated for the parallel configurations.

In a previous experimental study, Hagans et al. [14] re-
ported two energetically similar desorption states for HCN on
Ni(111) with desorption peaks at 258 and 271 K. The activa-
tion energy of desorption was calculated for both peaks using
the Chan–Aris–Weinberg method [45]; for the high temperature
peak this energy was ∼0.87 eV with a preexponential factor of
1015±3 s−1, and that of the low temperature peak was ∼0.78 eV
with a preexponential factor of 1014±3 s−1. According to our
calculations, HCN preferentially adsorbs parallel to the surface
at hollow sites with an adsorption energy of −1.50 eV. This
adsorption energy is considerably greater than the activation en-
ergies of desorption reported by Hagans et al.

The discrepancy between the experimental and the theoret-
ical results are probably due to the so-called “overbinding”
effect that has been reported for CO and NO adsorption en-
ergies on transition metals [46–48]. The overbinding effect is
a result of using the PW91 exchange-correlation functional. In
the particular case of the CO molecule, it has been demon-
strated that the origin of this effect is that the GGA-PW91
calculations do not reproduce the CO singlet–triplet excitation
energy [49]. A similar explanation could hold for the NO mole-
cule or in general, for any molecule in which the lowest unoccu-
pied molecular orbital (LUMO) is a π orbital (just like HCN).
Better agreement with the experimental adsorption energies for
CO and NO on various transition metals has been reported
when using the revised form of the Perdew–Burke–Enrzerhof
(PBE) [50] exchange-correlation functional proposed by Zhang
et al. (revPBE) [51] or Hammer et al. (RPBE) [52]. To estimate
the extent of the overbinding effect in our case, we used the
RPBE exchange-correlation functional to calculate the adsorp-
tion energy of HCN on Ni(111). For HCN adsorbed perpen-
dicular to the surface on top sites, we obtained an adsorption
energy of −0.27 eV using RPBE, which would correspond to
a desorption temperature of ∼108 K [53]. On the other hand,
for HCN adsorbed parallel to the surface in the f-η3(N)-h-η3(C)
configuration, the calculated adsorption energy is −0.90 eV us-
ing RPBE, in good agreement with the experimental adsorption
energies mentioned above. The influence of the overbinding ef-
fect on the adsorption energy for HCN on Ni(111) is then as
large as that reported for CO and NO on several transition metal
surfaces.
3.2. Methanimine (H2C=NH)

For the imine intermediate (Table 2), only parallel configura-
tions were considered in our DFT calculations. The most stable
adsorption mode for this intermediate corresponds to a hollow
site, either hcp (h-η2(N)-η1(C)) or fcc (f-η2(N)-η1(C)), where
the N interacts with two Ni surface atoms and the C atom with
just one Ni surface atom. The DFT adsorption energy for this
configuration was −1.00 eV, 0.24 eV more stable than the other
two likely configurations on hollow sites, h-η1(N)-η2(C) and
f-η1(N)-η2(C), where we have the opposite situation, the
N atom interacts with one Ni atom and the C atom with two
Ni atoms (Fig. 2). In all of these adsorption configurations, the
CN bond is enlarged approximately 0.1 Å with respect to the
value of methanimine in the gas phase [54] and very close to

(a)

(b)

Fig. 2. Adsorption of H2CNH on Ni(111): (a) h-η2(N)η1(C) and (b) h-
η1(N)η2(C).
Table 2
H2CNH adsorption on Ni(111)

Configuration Eads
a (eV) dCN

b (Å) dNH (Å) dCH (Å) � HCN (◦) � HCNH (◦) z-Nc (Å) z-Cc (Å)

= b-η1(C,N) −0.73 1.40 (0.12) 1.03 1.11 115 144 1.97 2.06
f-η1(N)-η2(C) −0.73 1.40 (0.12) 1.04 1.13 114 144 1.98 1.74
f-η2(N)-η1(C) −1.00 1.45 (0.17) 1.03 1.11 113 90 1.52 1.89
h-η2(N)-η1(C) −1.00 1.44 (0.16) 1.03 1.11 113 90 1.52 1.89
h-η1(N)-η2(C) −0.76 1.40 (0.12) 1.03 1.14 113 146 1.92 1.72

Gas phase Calculated – 1.28 1.04 1.11 119 180 – –
Exp. [54] – 1.273 1.023 1.081 119.7 180 – –

a Calculated as the energy of the reaction: H2CNH(g) + adsorption site → H2CNH(ads).
b �dCN between parentheses is the elongation of the CN bond with respect to the calculated hydrogen cyanide molecule.
c z-X is the height of X to the Ni(111) surface.
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the CN distance of the chemisorbed methylamine. The HCN
angle and the HCNH dihedral angle for the most stable adsorp-
tion mode are 113◦ and 90◦, respectively; thus, both carbon and
nitrogen atoms are probably in a spx hybridization close to the
ideal sp3. One might rationalize the preference of methanimine
for the h-η2(N)-η1(C) or f-η2(N)-η1(C) configurations in terms
of sp3 hybridization, because in both configurations the N and
C atoms are saturated.

3.3. Methylamine (CH3NH2)

The adsorption of methylamine is very similar to that of am-
monia; methylamine binds to the surface via the nitrogen atom
lone pair on a top site. The calculated DFT adsorption energy
for methylamine on Ni(111) was −0.56 eV, which translates
into a desorption temperature of 224 K. This result compares
well with a recent computational paper [32] and previous ex-
perimental results of Chorkendorff et al. [21] showing that
methylamine desorbed between 180 and 330 K. These authors
reported a saturation coverage of 3.8 × 1014 molecules/cm2,
corresponding to a surface coverage of approximately 0.20 mL.
Note that our calculations were done using a p(2 × 2) unit
cell, and, consequently, the surface coverage in our model was
0.25 mL. This would explain why the approximate desorp-
tion temperature derived from the calculated adsorption energy
lies in the lower region of the experimental desorption tem-
perature range. Calculations at a lower surface coverage, using
a p(3 × 3) unit cell, were also performed, giving an adsorp-
tion energy for methylamine of −0.83 eV, which corresponds
to a desorption temperature of 332 K, in good agreement with
the experimental results.

The adsorption geometry of methylamine on Ni(111) was
quite similar to the corresponding gas-phase geometry [44],
indicating no significant activation for this molecule when ad-
sorbed on the Ni(111) surface. In fact, although both methyl-
amine and ammonia are adsorbed through the nitrogen lone
pair, the stronger adsorption of methylamine is what makes
the dehydrogenation of CH3NH2 possible on the Ni(111) sur-
face [21] (more difficult for a molecule that is not strongly ad-
sorbed on the metal surface). We also calculated the adsorption
energy of ammonia and confirmed this observation; the DFT
adsorption energy of NH3 was −0.41 eV, 0.15 eV lower than
the corresponding one for methylamine. In another experimen-
tal study, the adsorption site of methylamine was characterized
by RAIRS [29]: a Cs symmetry site in which the NH2 group
is held parallel to the surface plane and the CH3 group is tilted
away from the surface normal was described for this molecule.
Our DFT calculations also gave this type of adsorption config-
uration for CH3NH2 on Ni(111) (Fig. 3).

3.4. HCN hydrogenation reaction mechanism

The hydrogenation reaction of nitriles has been reported to
evolve go through an imine intermediate. In the hydrogenation
reaction of hydrogen cyanide to methylamine, we also con-
sidered such an imine intermediate; methanimine. There are,
Fig. 3. Adsorption of H3CNH2 on Ni(111).

Scheme 1. Hydrogenation steps from HCN to H3CNH2.

however, two different reaction pathways that lead to methan-
imine; (1) hydrogenation of the carbon atom to yield H2CN,
followed by hydrogenation of the nitrogen atom to methan-
imine, and (2) hydrogenation of the nitrogen atom to yield
HCNH, followed by hydrogenation of the carbon atom to form
methanimine. From methanimine, the hydrogenation reaction
can also follow two different routes: (1) hydrogenation of the
carbon atom to yield H3CNH, followed by hydrogenation of
the nitrogen atom to form methylamine, and (2) hydrogenation
of the nitrogen atom to form H2CNH2, followed by hydrogena-
tion of the carbon atom giving methylamine (Scheme 1).

Fig. 4 shows the reaction energy profile of the hydrogenation
reaction of HCN to CH3NH2. The reference energy used corre-
sponds to the energy of the HCN + 4H system (energy of HCN
adsorbed plus four times the energy of one adsorbed hydrogen
atom). The energies of the HCN(g) + 2H2(g) and HCN(g) + 4H
systems are also indicated. For each elementary step, the coad-
sorption system formed by the reactant species and a hydrogen
atom, shown in Fig. 4, has been used as starting point in the
CI-NEB calculation. It can be seen how the adsorption energy
of HCN was 1.13 eV with H present on the Ni(111) surface and
1.50 eV with no H present.

In first elementary step, the hydrogen atom can react with the
nitrogen atom to yield HCNH or with the carbon atom to yield
H2CN. Both reactions are thermoneutral (i.e., the reaction en-
ergy is zero or almost zero), although the formation of HCNH
is slightly more endothermic. The activation energy for the re-
action of formation of HCNH is 1.39 eV (TS1). On the other
hand, the activation energy for the HCN + H → H2CN step is
1.13 eV (TS2). Therefore, it is easier to hydrogenate the carbon
atom of HCN and to form H2CN. As we will show later, this is,
indeed, the rate-limiting step for the HCN hydrogenation reac-
tion on Ni(111).

The activation energies for the reverse reactions, H2CN →
HCN + H and HCNH → HCN + H, are 1.14 and 1.35 eV,
respectively. Experimentally, small amounts of HCN were ob-
served at temperatures around 540 K in a TPD study of methyl-
amine dehydrogenation on Ni(111) [21]. Taking into account
that the desorption temperature of HCN is between 180 and
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Fig. 4. Reaction energy profile for the hydrogenation of HCN to H3CNH2 on Ni(111).

Table 3
Geometric and energetic data of the intermediates involved in HCN hydrogenation on Ni(111)

Configuration Ereaction
a (eV) dCN (Å) dNH (Å) dCH (Å) � HCN (◦) � HNC (◦) � HCNH (◦) z-Nb (Å) z-C (Å)

H2CN f-η3(N) 0.36 1.31 – 1.10 120 – 180 1.25 –
HCNH h-η2(C,N) 0.41 1.36 1.03 1.11 118 120 4 1.58 1.53
H3CNH b-η2(N) 0.72 1.48 1.03 1.11 111 108 60 1.58 2.68
H2CNH2 f-η1(N)-η2(C) 1.10 1.48 1.03 1.12 111 112 122 2.00 1.67

a Calculated as the energy of the following reactions: HCN(ads) + 4H(ads) → H2CN(ads) + 3H(ads), HCN(ads) + 4H(ads) → HCNH(ads) + 3H(ads), HCN(ads) +
4H(ads) → H3CNH(ads) + 1H(ads), HCN(ads) + 4H(ads) → H2CNH2(ads) + 1H(ads).

b z-X is the height of X to the Ni(111) surface.
330 K, the desorption of HCN at 540 K during the decom-
position of methylamine, which corresponds to an energy re-
quirement of approximately 1.35 eV, can be interpreted as the
apparent activation energy for the dehydrogenation of either
H2CN or HCNH on Ni(111). This result agrees with the cal-
culated activation energy for the dehydrogenation of HCNH
step and is slightly larger than the activation energy for the
H2CN → HCN + H step. From our calculations, it is likely that
the decomposition of methylamine to hydrogen cyanide occurs
via the formation of the HCNH species, because, as we shall see
later, it is more favorable to form HCNH from the methanimine
intermediate instead of H2CN. The formation of a HCNH inter-
mediate during the decomposition of methylamine on Pt(111)
also has been described [55].

For H2CN, the most stable adsorption site corresponds to the
f-η3(N) site (Table 3) with the CN perpendicular to the nickel
surface, whereas for HCNH, the preferred adsorption site is
a h-η2(C,N) site with the CN bond parallel to the surface. In
the latter configuration, both carbon and nitrogen atoms inter-
act with the metal surface and are located at around 1.50 Å
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above the surface. The structures of TS1 and TS2 are shown
in Fig. 5; in both cases, we can see how the C/N–H distance
is being formed. The N–H and C–H distances are 1.50 Å and
1.35 Å for TS1 and TS2, respectively. In both transition state
structures, the attacking H atom is at around 1.60 Å above the
metal surface.

The second step in the reaction mechanism corresponds to
the formation of methanimine, the imine intermediate. Methan-
imine can be formed either through hydrogenation of HCNH
or H2CN. Fig. 4 shows that the coadsorption of either HCNH
or H2CN with hydrogen, (HCNH + H) and (H2CN + H), re-
sults in a destabilization of the system with respect to the H-free
system. The second hydrogenation step is thermoneutral with
respect to HCNH + H and slightly endothermic with respect
to H2CN + H. Our calculations show that it is easier to hy-
drogenate the carbon atom on HCNH than the nitrogen atom
on H2CN. The activation energy of the former elementary step
is 0.44 eV (TS3), whereas that of the latter is 0.96 eV (TS4).
Note that although the formation of HCNH is less favored than
that of H2CN in the first elementary step (ETS1 > ETS2), it
is significantly much easier to hydrogenate HCNH to H2CNH
than H2CN (ETS4 > ETS3). Therefore, it might be possible that
H2CN undergoes isomerization to form HCNH directly by hy-
drogen migration and then hydrogenation to H2CNH.

Regarding the transition state geometries for these steps, the
C· · ·H distance is 1.61 Å in TS3, and the N· · ·H distance is
1.48 Å in TS4. The distance of the attacking hydrogen atom to
the surface is around 1.40 Å for both transition states (Fig. 6).
Note how the CN bond in TS4 is tilted with respect to the sur-

(a) TS1

(b) TS2

Fig. 5. Transition states corresponding to the first hydrogenation step of HCN:
(a) (TS1) HCN + H → HCNH and (b) (TS2) HCN + H → H2CN.
face normal; the CN is perpendicular in the case of the reactant
and parallel in the case of the product. This could explain why
the energy barrier for this step is higher than that corresponding
to the TS3.

Once the imine intermediate is formed on the nickel surface,
this can undergo subsequent hydrogenation to give H3CNH or
H2CNH2 (Scheme 1). As in the previous steps, the coadsorption
of the imine intermediate with hydrogen results in a destabiliza-
tion of methanimine. Our results show that the hydrogenation
of methanimine on the carbon atom to give H3CNH is easier
(activation energy of 0.53 eV) (TS6) than the hydrogenation of
the same intermediate on the nitrogen atom to give H2CNH2
(activation energy of 1.09 eV) (TS5). Furthermore, the elemen-
tary step leading to the formation of H3CNH is exothermic with
respect to H2CNH + H, whereas the step that forms H2CNH2 is
slightly endothermic; H3CNH is actually 0.38 eV more stable
than H2CNH2.

In terms of the structure of these intermediates, the H3CNH
fragment is adsorbed on a bridge site with the CN bond tilted
away from the surface, and the N atom at 1.58 Å from it. The
H2CNH2 species is adsorbed on an fcc hollow site (f-η1(N)-
η2(C)), with both carbon and nitrogen atoms interacting with
the surface metal atoms. In both species, the CN bond length
is already quite close to that in methylamine (∼1.48 Å). In
the structures of the transition states located for those reaction
steps, TS5 and TS6, it can be seen how in both optimized struc-
tures the H2CNH skeleton is quite similar (Fig. 7), with the only

(a) TS3

(b) TS4

Fig. 6. Transition states corresponding to the formation of the methanimine in-
termediate in the second hydrogenation step: (a) (TS3) HCNH + H → H2CNH
and (b) (TS4) H2CN + H → H2CNH.
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(a) TS5

(b) TS6

Fig. 7. Transition states corresponding to the third hydrogenation step: (a) (TS5)
H2CNH + H → H2CNH2 and (b) (TS6) H2CNH + H → H3CNH.

difference in the side (carbon or nitrogen) of approximation of
the attacking hydrogen atom. This may indicate why the ni-
trogen atom is more difficult to hydrogenate than the carbon
atom; because of the repulsive interaction between the attack-
ing H atom and the N lone pair, in both cases, the H atom is at
a similar distance from the atom to attack: ∼1.5 Å.

The final hydrogenation step corresponds to the formation
of the primary amine. Fig. 4 shows that the coadsorption of
either H3CNH or H2CNH2 with hydrogen results in a desta-
bilization with respect to the H-free system. The destabilization
is larger for the H2CNH2 + H system than for the H3CNH + H
system. The greater destabilization of the system when the hy-
drogen atom is closer to the nitrogen atom can be rational-
ized in terms of a stronger repulsion interaction between the
lone pair of the nitrogen atom and the hydrogen atom. This
argument has also been used to explain the greater activation
energies calculated for nitrogen hydrogenation than for car-
bon hydrogenation. Methylamine formation is thermoneutral
with respect to H3CNH + H and slightly exothermic with re-
spect to H2CNH2 + H. Although formation of the H2CNH2
intermediate is more difficult than formation of the H3CNH in-
termediate (ETS5 > ETS6), hydrogenation on the carbon atom
(H2CNH2 + H, ETS7 = 0.71 eV) is again easier than hydro-
genation on the nitrogen atom (H3CNH + H, ETS8 = 1.11 eV).
Therefore, it might be possible that H3CNH undergoes iso-
merization to H2CNH2 and then reacts with hydrogen to yield
methylamine. Concerning the transition states structures (TS7
and TS8), Fig. 8 shows that both the N· · ·H and C· · ·H dis-
(a) TS7

(b) TS8

Fig. 8. Transition states corresponding to the final hydrogenation step: (a) (TS7)
H2CNH2 + H → H3CNH2 and (b) (TS8) H3CNH + H → H3CNH2.

tances are around 1.52 Å and that the H atom is at 1.1–1.2 Å
above the nickel surface.

The final step in the hydrogenation reaction is the desorption
of the product; methylamine. The calculated adsorption energy
of methylamine at 0.25 mL is −0.56 eV, which would cor-
respond to a desorption temperature of approximately 224 K.
This value lies in the lower region of desorption temperatures
reported experimentally (see the earlier discussion of methy-
lamine). Furthermore, the total change in the calculated re-
action energy for the hydrogenation of hydrogen cyanide to
methylamine is −2.39 eV. This reaction energy is lowered to
−1.67 eV taking into account the experimental zero-point en-
ergy correction [56]; which energy agrees with the experimental
enthalpy of reaction at 298 K of −1.60 eV calculated from the
enthalpies of formation of the reactants and products [57].

3.5. CH3NH2 dehydrogenation

The decomposition of methylamine has been studied exper-
imentally on Ni(111) [21]. TPD experiments showed that the
dehydrogenation of methylamine began at around 330 K, cor-
responding to an approximate energy requirement of 0.82 eV. In
addition, the H2 TPD spectrum showed a desorption peak be-
tween 363 (∼0.91 eV) and 390 K (∼0.98 eV). This means that
the energy needed to remove the first hydrogen from methyl-
amine ranged between 0.82 and 0.98 eV. In addition, isotopic
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labeling experiments with deuterium showed that in the case
of Ni(111), the C–H bond broke more easily than the N–H
bond, the opposite of that was observed on Pd(111) [26] or
Pt(111) [55]. Our DFT calculations indeed show that hydro-
gen atoms of the methyl group were more labile than those of
the amine group, and thus it is easier to break the C–H bond
than the N–H bond on Ni(111). The calculated activation en-
ergy for breaking the first C–H bond yielding to H2CNH2 + H
is 0.99 eV (Fig. 4, TS7, reverse reaction). This activation en-
ergy is in agreement with the experimental TPD data. On the
other hand, the activation energy for breaking the N–H bond is
1.17 eV, again confirming the experimental findings. The acti-
vation energy for the C–N bond cleavage of methylamine on
Ni(111) has been studied theoretically [32]; a value of 1.49 eV
was reported, clearly greater than the activation energy calcu-
lated in this work for either C–H or N–H bond breaking. In
fact, it has been described experimentally that methylamine
decomposition is likely to occur by C–N bond cleavage on
Ni(100) [31] and by C–H bond-cleavage on Ni(111).

4. Conclusions

From our study of the adsorption and hydrogenation of hy-
drogen cyanide to methylamine on Ni(111), several conclusions
can be inferred:

1. Hydrogen cyanide adsorbs with the CN bond parallel to the
surface with an adsorption energy of −1.50 eV at 0.25 mL
(using the PW91 exchange-correlation functional). This ad-
sorption energy is overestimated if we compare with the
available experimental data. Better agreement with the ex-
perimental data can be achieved using the RPBE exchange-
correlation functional; in this case, the adsorption energy of
HCN is −0.90 eV.

2. The rate-limiting step is the first hydrogenation step. Two
different pathways are possible: (1) hydrogenation of the
carbon atom, yielding H2CN, and (2) hydrogenation of the
nitrogen atom, yielding HCNH. The activation energy is
1.13 eV for H2CN formation and 1.35 eV for HCNH for-
mation. Further, H2CN is slightly more stable than HCNH,
and, consequently, the formation of H2CN is favored with
respect to HCNH.

3. The hydrogenation reaction proceeds via an imine inter-
mediate, H2CNH, which can be formed by hydrogenating
either the nitrogen atom of the H2CN species or the carbon
atom of the HCNH species. Thus, it may be concluded that
HCN is hydrogenated first to H2CN and then to H2CNH.
However, it is also possible that H2CN undergoes isomer-
ization to HCNH, followed by hydrogenation to H2CNH.

4. Methanimine is hydrogenated preferentially to H3CNH
rather than to H2CNH2. The attack of the hydrogen atom
to the nitrogen atom is hindered by the extra repulsion term
between the electron density of the reactive hydrogen atom
and the lone pair of the nitrogen atom (TS6).

5. Methylamine is formed by hydrogenation of either H2C-
NH2 or H3CNH. The activation energy is lower starting
from H2CNH2, but H3CNH is preferentially formed from
H2CNH. Therefore, we can conclude that methylamine
is formed by hydrogenation of H3CNH. However, as in
point 3, it is also possible that H3CNH species first under-
goes isomerization to H2CNH2, followed by hydrogenation
of H2CNH2 to methylamine.

6. The calculated adsorption energy of methylamine is
−0.56 eV at 0.25 mL and −0.82 eV at 0.11 mL. From
these results, we can conclude that methylamine desorbs
from the Ni(111) surface at 224–332 K, which is in good
agreement with experimental results. Compared with am-
monia, methylamine adsorbs more strongly on Ni(111),
which may explain why it undergoes decomposition on
Ni(111) whereas ammonia does not.

7. In the case of the reverse reaction, the decomposition of
methylamine on Ni(111), our calculations show that it is
easier to first break the C–H bond than the N–H bond.
This result agrees with isotopic labeling experiments with
deuterium demonstrating that the hydrogen atoms of the
methyl group are more labile than those of the amine group.
The activation energy for the cleavage of the first C–H bond
is 0.99 eV.
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