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The mechanisms for the addition of HX (X = F, CI, Br and 1) on acetylene catalyzed by neutral acetylene Aus cluster has been
investigated within the formalism of density functional theory (DFT). The gold cluster is shown to play role as the bridge for
the transfer of electron from highest occupied molecular orbital (HOMO) of Aus-C,H, complex to the lowest unoccupied mo-
lecular orbital (LUMO) of hydrogen halide (HX). The reaction mechanism of the addition of HX on acetylene consists of two
transition states, one intermediate, one de-adsorption product that leads to the final product. The addition of HF proceeds
through barrier less transition state, while barrier for the first transition state enroute addition of HBr, HCI and HI 0.44, 5.64
and 6.27 kcal/mol respectively. The activation energy for hydrochlorination obtained in the current work is less than the ones
reported in literature, the study reinforces the suitability of small sized gold cluster as an efficient catalyst for acetylene acti-

vation and subsequent hydrohalogenetion.
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1. Introduction

Gold clusters (Au,,) have attracted substantial interest
owing to their excellent catalytic properties in contrast to its
bulk form. There has been a continuous increase in the num-
ber of experimental and theoretical studies on the structure
and catalytic properties of Au,, clusters after the first suc-
cessful study on their catalytic activity performed by Haruta
et al.!. Role of Au, clusters with appropriate size has been
studied in numerous organic reactions such as rupture of S-
H bond in mercaptan and thiophenol23, hydrogen peroxide
synthesis*, oxidation of carbon monoxide®-8, acetylene hy-
drogenation®, selective oxidation of alcohol and olefin'%11,
water gas shift'213 and acetylene hydrochlorination-21.

For the hydrochlorination of acetylene, supported Au,,
clusters act as “green material” substitute for mercuric chlo-
ride. Literature reports suggest that Au(3+) is the most effec-
tive species for the hydrochlorination of acetylene in com-
parison to Au(0) and Au(1+)"* and confirmed that AuCl, could
be a more environmentally friendly catalyst in acetylene
hydrochlorination?223, Kang et al.2* established this conclu-

sion theoretically by studying the reaction mechanism of
C,HsCl over a MCI, (M = Hg, Au, Ru; x = 2, 3) catalyst.
However, AuCl, catalyst deactivation was found to be un-
stable and deactivation mechanism over AuCl; dimer model
catalyst have been studied via Zhang et al.2° using density
functional theory (DFT). Corma et al.28 have suggested im-
provement in catalyst preparation by preparing isolate gold
atoms supported on functionalized carbon nanotubes and
concluded that single Au atom does not show catalytic activ-
ity while their aggregation into Au, clusters under reaction
conditions shows considerable catalytic activity. Though, Au,,
clusters do not show catalytic activity when they grow into
larger nanoparticles. Using Aus 4, clusters, Wang et al.2” have
illustrated the mechanism for the hydrochlorintion of acety-
lene and reinforced that smaller Au,, clusters exhibits better
catalytic activity in comparison to larger Au,, clusters.
Hydrochlorination of acetylene acquires significant con-
sideration due to its extensive range of industrial and eco-
nomics benefits?. Like acetylene hydrochlorination, its fluo-
rination results in the formation of vinyl monofluoride, mono-
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mer unit of the polymer polyvinyl fluoride (PVF) that is used
for the flammability-lowering coatings of photovoltaic mod-
ule backsheets and of airplane interiors. Likewise, vinyl
monobromide used to manufacture polymer polyvinyl bro-
mide while vinyl monoiodide act as valuable substrates for
the transition metal cross-coupling reaction and can be con-
verted to suitable Grignard reagents®®.

While catalytic activity of Au, clusters for the hydrochlori-
nation of acetylene has been widely studied addition of other
hydrogen halides H-X (X = F, Br and I) to acetylene has not
been explored yet. Present paper employs density functional
calculations to addition of H-X (X = F, Cl, Br and |) to acety-
lene with the aid of Au,, cluster. The study deciphers the role
of cluster as catalyst in the addition reaction by tracing the
reaction route. Effect of size and electronegativity of X atom
toward the addition of H-X to acetylene has also been illus-
trated through rigorous computations.

2. Computational details

All geometry optimizations have been performed using
spin polarized generalized gradient approximation (GGA)2°
using Perdew-Wang (PW91) functional®®3" within density
functional theory (DFT) formalism using the Gaussian-09
software package32. For small gold clusters, the GGA-PW91
exchange-correlation functional is reported to be reliable3®,
The Stuttgart/Dresden effective core potential basis set (SDD)
has been adopted for the description of 5s25p®5d1%6s" out-
ermost valence electrons of the Au atom in conjunction with
6-311++G(d,p) basis set for carbon, hydrogen and X i.e.
flourine, chlorine and bromine while SDD basis set was used
for iodine. All the optimized geometries were subjected to
frequency check at the same level of theory that also pro-
vided the zero point correction energy. The connectivity of
transition state (TS) with congruous reactant and product was
established by performing intrinsic reaction coordinate (IRC)
calculations.

As the calculation of weak intermolecular interactions is
reported to suffer from overestimation due to incomplete
basis®*%, basis set superposition error (BSSE) was corrected
by re-optimizing all the geometries along the reaction path-
ways using counterpoise correction.

Adsorption energy (E,4s) is calculated according to be-
low equation:

Eads = Eads state — (EC2H2 + EHX + EAU3) (1)
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where E, s qiate 1 the total energy of the system in which
both reactants are coadsorbed onto the catalyst while Eg, ,
Epx and Ep,, represents the energies of isolated acetylene,
HX and Auj cluster, respectively.

3. Results and discussion

It has been demonstrated by Wang et al.27 in their study
on Au, cluster catalyzed hydrochlorination of acetylene that
for n = 3-10, all Au,, clusters follow the same catalytic cycle,
the present study employs Au, cluster as the model of clus-
ter catalyst to facilitate the addition of HX to acetylene owing
to computational simplicity. The value of binding energy (£,
= E (Au,,) — nE(Au)) for Au, cluster at the employed level of
theory is —2.80 eV, it is in good agreement with the literature
values (-2.87 V),

The complete cycle for the addition of H-X on activated
acetylene is shown in Scheme 1. It has been reported that
Au, cluster catalyses the hydrochorination reaction by facili-
tating the electron transfer from the highest occupied mo-
lecular orbital (HOMO) of Au,-C,H, complex to the lowest
unoccupied molecular orbital (LUMO) of HCl when C,H, and
HCl are co-adsorbed on the Au, cluster?”-3":38, |n order to
understand the electron flow between Au,-C,H, complex and
H-X (X =F, Cl, Br and 1), we calculated the energy gap be-
tween the frontier orbitals of reacting species (see Table 1).
The values indicate that it is easier to transfer electron from
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Scheme 1. Catalytic cycle for selective addition of H-X on acetylene

catalyzed via using Au, cluster, where X = F, CI, Brand I.
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Table 1. The orbital energies on LUMO and HOMO of H-X (X = F,
Cl, Brand ) and Aus-C,H, and their different energy gaps between
HX and Auz-C,H, (energies values are in eV)

LUMO HOMO HOMO-LUMO  HOMO-LUMO
H-X—Au3CoHy  Auz-CoHy—H-X
Auz-CH, =010  —0.17 - -
HF 004 035 0.24 0.13
HCl -0.04 029 0.18 0.12
HBr 005 027 0.16 0.11
HI -0.08 038 0.28 0.09

HOMO of Au,-C,H, complex to LUMO of H-X (X = F, Cl, Br
and |).

First step in the addition of H-X (X = F, Cl, Brand I) to
acetylene is the formation of stable co-adsorption structure
(Co-ads) formed via the co-adsorption of acetylene and HX
on Aug cluster. As shown in Scheme 1, formation of product
comprise of two TS i.e. TS-1 and TS-2. In the first step, X
atom moves to one carbon of acetylene while hydrogen atom
moves to Au atom of Aus cluster leads to formation of inter-
mediate (INT-1) via TS-1 and this step is the rate determine
step. The INT-1 undergoes transfer of hydrogen atom from
Au atom to halogen atom attached with acetylene leads to
the formation of desorption (De-ads) product via TS-2. De-
ads product leads to the formation of final product (P). Elon-
gation of C-C triple bond (1.21 A in acetylene, 1.32 A invinyl
monohalide) confirms the conversion of triple bond of acety-
lene to double bond.

The reaction profiles along with the optimized geometries
of all the reacting species for the addition of H-X on acety-
lene catalyzed via Au, are shown in Figs. 1, 2, 3 and 4 for X
being F, Cl, Br and | respectively. The co-adsorbed complex
of C,H, and HX has been taken as the starting point for all
the reaction profile, the energy of the Co-ads structure has
been taken as zero and energies of all the species in the
reaction profile have been scaled with respect to that of Co-
ads structure. All the halides follow the same mechanistic
route for their addition to acetylene. The addition of HF in-
volves barrier less TS (TS-1 in Fig. 1) while activation en-
ergy (E,) for the addition of HCI, HBr and HI are 5.64 kcal/
mol, 0.44 kcal/mol and 6.27 kcal/mol as shown in Figs. 2, 3
and 4, respectively.

It is important to note here that the activation barrier ob-
tained in the current work with BSSE correction are consid-
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Fig. 1. Energy diagrams of the most favorable pathways of acetylene

hydrofluorination on Au, cluster: Co-adsorbed (Co-ads), tran-
sition states (TSs), intermediate (INT), desorption products (De-
ads) and products (P) with the optimized geometries of all sta-
tionary points (distance in A).
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Fig. 2. Energy diagrams of the most favorable pathways of acetylene
hydrochlorination on Au, cluster: Co-ads, TS, INT, De-ads prod-
uct and products (P) with the optimized geometries of all sta-
tionary points (distance in A).

erably lower than the ones reported in literature that have
been obtained without counterpoise correction. For instance,
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. Energy diagrams of the most favorable pathways of acetylene
hydrobromination on Auj cluster: Co-ads reactant, TS, INT,

De-ads product and products (P) with the optimized geom-

etries of all stationary points (distance in A).
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Fig. 4. Energy diagrams of the most favorable pathways of acetylene
hydroiodination on Aus cluster: Co-ads, TS, INT, De-ads prod-
uct and products (P) with the optimized geometries of all sta-
tionary points (distance in A).

Wang et al.2” reported the formation of vinyl monofluoride
through the E, value of 22.2 kcal/mol catalyzed via Au,
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cluster while Zhao et al.37 reported the mechanisms for the
acetylene hydrochlorination reaction on pristine Au, and Aug
clusters and on the Si-doped Au clusters through the values
of E;,18.23, 19.22, 21.83 and 16.69 kcal, respectively.

4. Conclusion

The current work demonstrates the systematic adsorp-
tion and activation of C,H, molecules on the Au, cluster and
the subsequent addition of HX (X = F, CI, Br and 1) on acti-
vated C,H,. The whole process involves two transition states
(TS), one intermediate, desorption adduct leading to the prod-
uct. First TS (TS-1) denotes the dissociation of HX, the sec-
ond TS (TS-2) comprises of hydrogen transfer from Aus clus-
ter to haloethenyl. The small sized Aus cluster shows excel-
lent catalytic performance, the addition of HF proceeds
through barrier less TS, addition of HBr, HCI and HI are of-
fered a low lying barrier of 0.44 kcal/mol, 5.64 kcal/mol, and
6.27 kcal/mol to TS-1 respectively. The barrier less addition
of HF to acetylene is attributed to high electronegativity of F
atom (3.98). It has been established that Aus cluster forms a
Co-ads complex with acetylene and HX that facilitates the
electron transfer from HOMO of Au,-C,H, to the LUMO of
HX. Itis pertinent to mention here that the activation barriers
obtained in the current work are significantly lower than the
barrier reported for hydrochlorination of acetylene reported
in literature. This is owing to the counterpoise correction
employed in the current work, the study reinforces the ne-
cessity of BSSE correction while investigating reaction
mechanisms in density functional formalism.
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