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Acetonitrile (CH;CN) and methyl isocyanide(CH;NC)
adsorption on Pt(111) surface: a DFT study
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Abstract: The adsorption of CH;CN and CH;NC on the Pt(111) surface at the 1/4 monolayer (ML) coverage has been car-
ried out at the level of density functional theory for understanding hydrogenation processes of nitriles. The most favored ad-
sorption structure for CH;CN is the C—N bond almost parallel to the surface with the C—N bond interaction with adjacent
surface Pt atoms. For CH;NC, the most stable configuration is the CH;NC locates at the face center cubic (fcc) site with
the C-atom bonded to three Pt atoms. In addition, the HCN and HNC adsorption has been computed, and the adsorption
pattern is nearly similar to the CH;CN and CH;NC, respectively. The adsorbed molecules rehybridize on the surface, be-
coming non-linear with a bent C—C—N or C—N—C angle. Furthermore, the binding mechanism of these molecules on the

Pt(111) surface is also analyzed.
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The catalytic hydrogenation of nitriles is an im-
portant route for the production of various lower-al-
iphatic amines that are widely used in the pharma-
ceutical, agriculture, textile, rubber and plastic in-
dustries. One important industrial process for their
manufacture is the hydrogenation of the correspond-
ing nitriles over transition metal catalysts, and the
partially hydrogenated reaction intermediates (imi-
nes or Schiff bases) are highly reactive and usually
form a mixture of primary, secondary and tertiary
amines that leads to costly product separation pro-
cesses. A widely used class of catalysts is skeletal
Raney catalysts based on Co or Ni. Compared to
other transition metals (e.g. Rh, Pd and Ru), Co is
known to exhibit the highest selectivity to primary
amines but generally provides relatively low activi-
ty. An ideal way to solve this problem is to improve
the activity and selectivity in the production of
amines. As reviewed by Volf and Pasek''' and de
Bellefon and Fouilloux?', the activity and selectivi-
ty for nitrile hydrogenation are affected by reaction
conditions, nitriles and catalysts, of which the cata-
lyst plays a decisive role in determining the reaction
selectivity. There is consensus that the selectivity to
primary amines is high over Ru and Ni, whereas Cu
and Rh tend to form secondary amines and Pd and
Pt have a high propensity to form tertiary ami-
nes™* . Furthermore, the acid base properties of
the catalyst support also have a strong effect on the
selectivity™®', because the acidic sites are partially
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responsible for condensation reactions giving con-
densed amines *' .

Acetonitrile (CH;CN) and its isomer, methyl iso-
cyanide (CH;NC), have been relatively often used
for determining geometrical structure and bonding
configuration on single crystal metal surfaces ' .
Their application is based on the fact that these
compounds are isoelectronic with CO (the most fre-
quently applied probe molecule). While CO gener-
ally bonds on Group VIII metals via a synergistic
bonding scheme with both donation from the metal
into empty 27" orbitals on CO and donation from
the filled 60 orbital of CO to the metal, methyl iso-
cyanide is a significantly weaker = acid since its 27"
level lies much higher in energy than that of CO.
Therefore, it is interesting, from a fundamental
point of view, to compare the surface chemistry of
these molecules. In addition, heterogeneous catalyt-
ic transformation of acetonitrile has rarely been in-
vestigated. Experimental studies on the ultra violet
(UV) irradiation of CH;CN adsorbed on TiO, in the
presence of oxygen indicated’ the formation of
H,0, CO,, surface CO; and surface isocyanate
(NCO). The formation of surface CH;CONH,,
77 (N,0)— CH;CONH, CH;COO(a), HCOO(a),
NCO(a) and CN-containing species was observed,
when the UV irradiation of CH;CN adsorbed on
TiO, was performed in the absence of oxygen[”] .

Isocyanide adsorption has been studied previously
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on various metal surfaces. On Pt(111) surface'™",
CH;CN was found to adsorb weakly to the surface
in a parallel structure (through both the terminal
carbon and the nitrogen), and CH;NC was found to
bond strongly in an upright structure with the termi-
nal carbon bonded to two metal atoms. Acetonitrile
(methyl cyanide) was investigated further on Pt
(111)™" and again found to adsorb parallel to the
surface with a possible interaction between the
B-hydrogens and the surface. The conclusion that
CN axis is parallel to the bridge and the adsorption
energy is the largest are also calculated by Alexis
Markovits and Christian Minot"*'. On supported Pt/
Si0O,, similar results were found for both com-
pounds. On powdered Au, isocyanides were bound
weakly to the metal in a linear structure with the
terminal carbon bonded to one metal atom. Isocya-
nides were found to adsorb strongly on Ni(111) and
Ni(100) in a parallel structure'™"7’. On Rh(111)
surface'™®, the isocyanide bonds strongly also in a
parallel structure at low coverage. On supported
Rh/ALO;"", the isocyanide was found to stand up
again. Finally, on Ag(311)"", isocyanides bond
wealy in a parallel or close to parallel orientation.
So, the adsorption of cyanide on the metal surface
has not been investigated systematically.

Quantum chemical methods have become new
tools for investigating the structure of active surfac-
es and determining reaction mechanisms. With re-
cent development, density functional theory (DFT)
is capable of providing qualitative and, in many cas-
es, quantitative insights into surface science and ca-
talysis. In this paper, we report a systematic DFT
study on CH;CN and CH;NC adsorption on Pt(111)
in order to get insight into their surfaces and struc-
tures. Furthermore, the aim of the present work is
to determine the surface species formed on Pt(111)
and to detect the gas products during the interaction
of acetonitrile with noble metal catalysts. This study
would be helpful to find an effective catalyst in
breaking of C—N bond of cyanide compounds.

1 Methods and models

All calculation are done with the Cambridge se-
quential total energy package”’. DFT calculation
within the generalized gradient approximation
(GGA) using the Perdew, Burke and Ernzerhof
(PBE) functional™ was carried out to study ni-
tromethane adsorption on the surfaces of Pt(111).
Ionic cores were described by the ultrasoft pseudo-
potential?"’', and the Kohn-Sham one-electron states
were expanded in a plane wave basis set up to
340 eV. The difference of the adsorption energy at
the level of cutoff between 340 and 360 eV was
about 0.02 eV. A Fermi smearing of 0.1 eV was

utilized. Brillouin zone integration was approximat-
ed by a sum over special k-points chosen using the
Monkhorst-Pack scheme'™’. A spin-restricted ap-
proach was used for clean surface models since po-
larization effects were found to be negligible. The
convergence criteria for structure optimization and
energy calculation were set to (a) self-consisten
field (SCF) tolerance of 2.0 >< 10 ° eV/atom, (b)
energy tolerance of 2.0 X 10 * eV/atom, (c) maxi-
mum force tolerance of 0.05 eV/A, and (d) maxi-
mum displacement tolerance of 2.0 x 10° A. A, X 4
X 1 k-grid sampling within the Brillouin zones was
used in the p(2X2) unit cell and a vacuum region of
15 A. We also tested the k- -point sampling by using
the 5 X 5 X 1 Monkhorst-Pack meshes for the unit
cell, and the change in energy is less than 0.03 eV.
Although the PBE functional can give reliable opti-
mized geometry, it tends to overbind adsorbate on
metal surface™*'. We further carried out the
RPBE single point energy calculations on the PBE
optimized geometries and use the RPBE energy for
discussion.

In order to describe the interaction between ad-
sorbates and Pt-slab, we defined the adsorption en-
ergy as

E... = E(adsorbates / slab) — [ E(adsorbates) + E(slab)].
(1)
where E (slab), E (adsorbates) and E (adsorbates /
slab) are the total energy of the optimized slab of
the surface, gas-phase adsorbate and adsorbate-slab

complex, respectively.
2 Results and discussion
2.1 CH;CN adsorption on Pt(111) surface

Initially, we checked that the properties of the
isolated CH;CN were accurately reproduced. The
calculated gas phase C—N and C—C bond lengths is
1.169 and 1.435 A, respectively. The C—C—N an-
gle is 179.5 A in good agreement with experiment
value (C—N: 1. 158 A, C—C: 1.460 A, and C—C—

. 180.0 A). The Pt (111) surface exhibits four
high—symmetry adsorption sites as shown in Fig.1.
The adsorbed species could be located on top,
bridge, face cerder cubic kinds of (fcc) hollow or
hexagonal close-packed (hcp) hollow sites, hereaf-
ter labeled ¢, b, f and h, respectively. We desig-
nated all possible adsorption structures for CH;CN
on the surface, top, bridge, fcc hollow or hep hol-
low, based upon the position of the N atom, only
three relatively stable configuration were obtained
in Fig.1. The calculated adsorption energies and
structural parameters for CH;CN are listed in
Table 1. In I (2-fold bridge site), CH;CN interacts
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with two adjacent Pt atoms via the C—N bond and most stable adsorbed form with the largest adsorp-
forms one Pt—N and one Pt—C bond and the C—N tion energy ( —0.48 eV), while II and III have low-
axis almost parallel to the surface. The C—N bond er adsorption energies ( —0.33 and —0.30 eV).

is elongated compared to free CH;CN (1. 252 vs
1.15 Ao) (Fig. 1). The C—C bond is stretched to
1.474A corresponding to gas phase calculated value
1.435 A, and the C—C—N bond angle is reduced to
129.1 A. The length of Pt—N and Pt—C bonds is
2.032 and 2.053 A, respectively. These results are
close to those reported for the acetonitrile adsorp-
tion on Ni(111)"*’, which showed that a rehybrid-
ization of the acetonitrile molecule into a sp2 con-
figuration. In IT (topl site), the acetonitrile mole-
cule linearly adsorbed on the surface by one C atom
atop on one Pt and it bonded to the surface only by
the nitrogen atom with the C—N axis almost per-
pendicular to the surface. The C—N bond length is
about 1.166 A and the C—C—N bond angle is
178.7 A. For the bridge adsorption, each of the
possible bridge adsorption sites on the surface was
considered, but the acetonitrile molecule adsorption
configuration changed from bridge to top site during Fig.1 Adsorption of CH;CN, CH,;NC, HCN and HNC on
optimization (III, top2 site). The C—C bond Pt(111) surface at 1/4 ML ’

length is about 1.667A. As given in Table 1, I is the

XI XII XIII

Table 1 Calculated adsorption energies (E ., €V) and structural parameters (d, Aand @, deg) for CH;CN, CH;NC, HCN and
HNC adsorption on the Pt(111)-2 X2 surfaces

6(‘7(‘,7.\1/ 0 (‘,7\17(‘,/

E4(eV) de—c(A) den(A) dn—m(A) dew(A) deyldn—n
8117(37]\1/6117.\"7(.‘
CH;CN 1.435 1.169 1.091-1.093 179.536
exp. 1.460 1.158 1.071 180.0
I: 6 - qz(C,N) —0.48°(—0.92)" 1.474 1.252 2.032 2.053 1.090—1.092 129.147
II:t*r]l(N) -0.33°(—-0.61)" 1.427 1.166 1.999 1.093-1.094 178.725
II: ¢ — 77](\1)—1 —0.30°(—0.57)" 1.428 1.167 2.012 1.092 - 1.094 176.689
CH;NC 1.182, 1.404 1.092 —-1.094 179.706
exp. 1.167, 1.426
Iv: f— 773(C) —1.57°(—1.96)" 1.389, 1.210 2'1029’123'5116’ 1.094 —-1.096 178.913
V:h - 773(C) —1.55%(—1.94)" 1.387, 1.213 2 1021’121'5125’ 1.095—-1.096 162.059
VI:/)*7]2(C) —1.509(—1.92)° 1.393, 1.201 2.042, 2.031 1.094—-1.095 169.516
VII: Z*Y]I(C) —1.48°(-1.88)" 1.397, 1.177 1.883 1.092 —-1.094 172. 315
HCN 1.165 1.069 178.718
exp. 1.156 1.064 180.0
VIII: b — VZ(C,N) —0.987(—0.58)" 1.249 2.040 2.024 1.093 126.357
IX: 1t — UI(N) —0.53°(—-0.52)" 1.163 1.976 1.068 179.331
HNC 1.181 1.009 179.210
N 2.051,2.066
s 3 _ al_ b ) )
X: f—7 (C) 2.12¢(-1.72) 1.239 2173 1.021 128.834
R 2.164,2.059
. — — a( _ b ’ )
Xl: h =g (C) 2.094(—-1.70) 1.236 5 083 1.109 129.768
XII: b — 772(C) —2.08°(—1.68)" 1.225 2.000,2.028 1.020 129. 662
XIII: ¢ — 771(C) —1.86%(—1.57)" 1.179 1.874 1.005 167.563
a: Values are derived from the PBE functional.
b: Values in parentheses are derived from the RPBE functional.
. metals has been extensively studied in the context of
2.2 CH;NC adsorption on Pt(111) surface y

organometallic chemistry. Recently, scanning tun-
The interaction of isocyanides with transition neling microscopy(STM)m] and reflection absorp-
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tion infrared spectroscopy and temperature-pro-
grammed desorption (TPD)"?’ were used to investi-
gate the adsorption of methyl isocyanide (CNCH; )
on the Pt (111) surface and its reaction to form
methylaminocarbyne (CNHCHj; ). It indicated that
methyl isocyanide is found to adsorb at on-topsites
at low coverage and at both on-top and 2-fold bridge
sites at higher coverage. In this section, we have
mainly focused on the structure of the adsorbed mol-
ecule and the adsorption site. For CH;NC adsorp-
tion, Fig. 1 shows four adsorption forms (IV, V,
VI and VII). In IV, the CH;NC locates at the fcc
site with the C-atom bonded to three Pt atoms and
the Pt—C bond lengths are 2.109, 2.116 and 2.135,
respectively. The C—C—N bond angle is 178.9 A
and the two C—N bond lengths are 1.210 and 1.389
A, respectively. In V, the CH;NC is situated at hcp
site by the C-atom adsorption and the length of the
Pt—C bond is changed from 2.101 to 2.125 A. The
C—N bond is stretched about 0.044 and 0.22 A, re-
spectively. In V, the CH;NC adsorbed at the hcp
site with the C-atom interaction with three Pt atoms

on the surface with three Pt—C distances of 2. 101,
2.125 and 2. 115 A. The two C—N bond lengths are
extended to 1.213 and 1.387 A, respectively. The
C—C—N bond angle is 162.1 A. In VI, the carbon
of the CH;NC bridges on two Pt atoms with Pt—C
bond lengths of 2. 042 and 2.031 A and the C—N
distances of 1.393 and 1.201 A. In IV, the carbon
of the CH;NC atop on one Pt atom with the C—N
distances of 1.397 and 1.177 A. In Table 1, TV is
the most stable adsorption mode ( —1.57 eV), fol-
lowed by V(—1.55¢eV), while VI and IV are much
less stable ( —1.50 and —1.48 eV). It is interesting
to note that the CH;NC adsorption on hcp site is
similar to the fcc site due to the very small of the
energy difference ( —0.02 eV). Considering a pos-
sible equilibrium between the two states, the chance
of the CH;NC adsorption on fcc and hcp sites is
same thermodynamically. On this basis, the CH;NC
should dissociate dominantly and directly on the two
sites, while the bridge and top sites play a minor
role.
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Fig.2 PDOS of the CH;CN (a), CH;NC (b), HCN (c) and HNC (d) adsorption on Pt(111) surface
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2.3 HCN and HNC adsorption on Pt(111)
surface

For comparison, HCN and HNC adsorption on
Pt(111) surface have been computed, and the calcu-
lated adsorption energies and structural parameters
for HCN and HNC are also showed in Table 1. Sim-
ilarly to CH;CN, the HCN adsorption on Pt(111)
surface only has two configurations: top and paral-
lel (VII and IX) at the low coverage 1/4ML. For
the parallel adsorption VII, the C=N bond paral-
lel to Pt surface and the H—C—N bond angle
change from 180 A to 126.3 A, the C—=N bond
length was stretched to 1.249 A forming a di-c bond-
ed HC=N species with the adsorption energy of
0.58 eV. This result is a good agreement with previ-
ous experiment® . For the HNC adsorption, there
are also four adsorption configurations on the
Pt(111) surface (Table 1 and Fig.2) (X, XI, XII,
XIII). In these structures, X is the most stable ad-
sorption form with the adsorption energy of 1. 72
eV, while XIII is the least stable (1.57 eV).

3 Electronic structure and density of
states

Fig.2 shows the total density of states of free CN
fragment (for CH;CN (a) and CH;NC (b)), free
HCN and HNC, and the partial density of states
(PDOS) of these species on the Pt(111) surface.
The three peaks below the Fermi level (EF=0) are
4o, 1w (degenerated) and 5o, while the 27" anti-
bonding orbital is about 7.5 eV above the 5o orbit-
al. After adsorption the 4o level does not change
much and there is no discernable interaction with
Pt. In contrast, 17 and 5o levels undergo substantial
reorganization. Compared with the PDOS of free
CN fragment, HCN and HNC, both the 56 and 27"
bands shift downward primary due to the 5S¢ — d do-
nation and the d — 27" back-donation with the Pt
surface. The 27" orbital, empty in the free CN
fragment, HCN and HNC, is now partially occu-
pied upon adsorption, resulting from interaction
with the 4s and 3d-obitals of the Pt surface. The
partial charge transfer leads to the broadening of
the 27" band with an edge below the Fermi level and
the significant elongation of the C==N bond due to
the anti-bonding nature of the 27" orbital. In addit-
ion, the integral of DOS curve is computed. The
peak next to the2n " represents more than four elec-
trons (the largest occupation of the degenerated 1=
is four electrons), so it is obvious that the 56 band
shifts downward and overlaps with 17 band. The 17
band is thought to be localized in the total DOS and
do not take part in the binding progress.

4 Conclusion

The adsorption of CH;CN, CH;NC, HCN and
HNC on the Pt(111) surface has been computed at
the level of density functional theory for under-
standing hydrogenation processes of nitriles. At the
1/4 ML low coverage, the most favored adsorption
structure for CH;CN is the C—N bond almost paral-

lel to the surface with the C—N bond interaction
with adjacent surface Pt atoms. For CH;NC, the
most stable configuration is the CH;NC locates at
the fcc site with the C-atom bonded to three Pt at-
oms. For the HCN and HNC adsorption, the ad-
sorption pattern is nearly similarly to the CH;CN
and CH;NC, respectively.

The binding mechanism of CO to the Pt(111) sur-
face at the 1/4ML is also analyzed by the DOS anal-
ysis. Compared with 56 and 27~ bands of the free
CN fragment, HCN and HNC, the 5¢ band of the
adsorbed CH;CN, CH;NC, HCN and HNC shifts
strongly downwards, and part of the 2z bands of
the adsorbed CH;CN, CH;NC, HCN and HNC lies
quite below the Fermi level. This indicates a charge
transfer from the Pt(111) surface to the CH;CN,
CH;NC, HCN and HNC. As a consequence, C—N
bonds are activated.
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