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a b s t r a c t

The reaction of small metal clusters (Cu, Ag and Au up to ten atoms and Au20) with two air pollutant (NO2

and SO2) molecules is investigated. All systems under study are capable of trapping NO2
� and SO2, as the

formation reactions are exergonic and thus thermodynamically viable. The products in the addition reac-
tions are molecularly bonded and in most cases planar five member rings (M�O�N�O�M) are formed.
Cu clusters present the most exergonic reactions followed by Ag and Au, respectively. Au clusters were
used to analyze successive additions. As a result of this investigation, it is possible to conclude that Au
clusters are capable of trapping up to three air pollutant (NO2 and SO2) molecules. The results for Au20

indicate that as the size of the cluster increases, exergonicity decreases. In summary, small metal clusters
may serve as efficient materials for hunting air pollutants. Finally, this investigation may serve as an
important guide for further theoretical and experimental studies, which attempt to analyze the effective-
ness of small clusters to hunt air pollutants.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Clusters present unique geometric shapes and very high
surface-to-volume ratio; factors which influence their electronic
and chemical properties. The reactivity of metal clusters has been
broadly studied, providing valuable information and remarkable
results [1–38]. The adsorption of small non-reactive molecules,
the interaction of metal clusters with DNA and RNA bases for med-
ical and catalysis purposes, the investigation of these systems as
optoelectronic devices, and the potential applications of these sys-
tems as free radical scavenging materials are some examples of the
investigations that are being carried out [29–38]. Moreover, clus-
ters are also interesting in the context of nanodrug delivery sys-
tems [39,40].

Silver and gold represent the most outstanding clusters, due to
their specific properties. They have been used as antimicrobial,
antioxidant, anti-diabetic and anti-hemolytic materials [41]. In
particular, several studies have focused on coinage metals (Cu,
Ag and Au), as their electronic configuration with a closed d shell
and a single s valence electron presents interesting chemical prop-
erties. Gold clusters are known to be more reactive with CO and O2

than Cu and Ag clusters, but Cu clusters are better for scavenging
free radicals than Ag and Au systems [23,24,30,31].
Copper is an integral part of many important enzymes. How-
ever, it may be released and become free to catalyze the formation
of highly reactive hydroxyl radicals [42]. The anti-cancer proper-
ties of silver clusters have been demonstrated, but they also cause
the production of reactive oxygen species [43]. Apparently, these
are two sides of the same coin and more studies are needed to bet-
ter understand the properties of clusters formed from copper and
silver, as they are useful and essential, but potentially toxic to
human health. The case of gold clusters is different because these
appear not to be toxic [44,45]. Moreover, they provide a versatile
surface chemistry that can be functionalized by ligands, to specif-
ically interact with receptors at the surface of target cells [46,47].

In summary, copper, silver and gold clusters have attracted
increasing interest due to their properties. In particular, biologi-
cally synthesized gold and silver clusters showed significantly high
antioxidant activities, thus circumventing oxidative stress [41].

Oxidative stress is produced by reactive oxygen species, that are
harmful to human health but these are not the only culprits. Air
pollution can also be dangerous and it is well known that there
is a connection between air quality and human health. The main
air pollutants (for example SO2 and NO2) contribute to the develop-
ment of bronchitis, emphysema and asthma [48,49]. Therefore, it is
very important to diminish the concentration of these molecules in
order to improve air quality. The idea is that metal clusters may be
very useful for this purpose.

Metal clusters are useful for scavenging free radicals and may
therefore also serve as good air pollutant hunters. To analyze this
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possibility, in this paper, we theoretically investigate the interac-
tion of metal clusters with SO2 and NO2. As will become apparent
later in this work, metal clusters are able to trap these molecules.
One small cluster of gold in particular, has the potential capacity to
trap at least three of these molecules. These results may have
important applications in the design of materials that can diminish
air pollution.
Cux(NO2) Agx(NO

Fig. 1. Optimized structures of Mx(NO2) systems (M = Cu (red), Ag (blue) Au (yellow); x =
is referred to the web version of this article.)
2. Computational details

Geometry optimization and electronic calculations were per-
formed with Gaussian 09 code [50]. Initial geometries were fully
optimized at M06/LanL2DZ level of theory in gas phase [51–58].
In order to verify local minima, harmonic analyses were calculated
(zero imaginary frequencies). Initial geometries for Cux, Agx and
2) Aux(NO2) 

2–10. (For interpretation of the references to colour in this figure legend, the reader



            Cux(SO2)             Agx(NO2)      Aux(NO2)

Fig. 2. Optimized structures of Mx(SO2) systems (M = Cu (red), Ag (blue) Au (yellow); S (purple); x = 2–10. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Aux clusters (x = 2–10 and 20) were described in previous reports
[29,59,60]. An exhaustive search of the most stable structures
was performed. To this end, several initial geometries considering
all possible bond sites of the metal clusters were optimized. Planar
and 3D structures were considered as well.

To investigate the atmospheric pollutant scavenger capacity of
small metal clusters, Gibbs free energy values were obtained, con-
sidering the following reaction scheme:
Mx þ R ! ½Mx � R�
DG ¼ Gð½Mx � R�Þ � GðMxÞ � GðRÞ
M is Cu, Ag or Au, x corresponds to the number of metal atoms
(2–10); R represents the pollutant molecules (NO2 and SO2); and
[Mx-R] is the formed product.
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We also investigated Au20 in order to analyze chemical proper-
ties as a function of the size of the system, and to make compar-
isons with previous reports [14].

To investigate the successive scavenging ability of Aux clusters
(x = 2–10 and 20), successive Gibbs free energies were obtained,
applying the following reaction scheme:

½Aux � ðRÞy�1� þ R ! ½Aux � ðRÞy�

DG ¼ Gð½Aux � ðRÞy�Þ � Gð½Aux � ðRÞy�1�Þ � GðRÞ
y represents the number of NO2 and SO2 molecules (y = 1–3). In all
systems studied, the lowest spin multiplicity (singlet or doublet) is
the most stable. For successive additions, initial geometries were
the most stable systems with one less adsorbed molecule and all
possible bond sited were considered.

3. Results and discussion

The optimized structures of Mx(NO2) and Mx(SO2) are presented
in Figs. 1 and 2. In all structures, oxygen atoms of NO2 and SO2

interact with the metal clusters, forming a five member ring. With
copper and silver, systems are planar for up to six atoms. The
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Fig. 4. DG in kcal/mol for the Mx + SO2 ? [Mx
exceptions are Cu4SO2 and Cu6SO2, as these are three-
dimensional. For gold clusters, all the optimized geometries are
planar. As expected, the shortest MAO bond distance is for copper
systems. Copper and silver clusters with more than six atoms
adopt a three-dimensional structure. The optimized geometries
are similar to the optimized structures of bare clusters previously
reported. Although copper and silver clusters present three-
dimensional structures, the interaction with NO2 and SO2 gener-
ates planar five member rings in most systems. Free radicals are
preferably absorbed in the edges of the cluster. It can be expected
similar behavior for surfaces. This could be suggesting that mole-
cules are absorbed at edges or vacancies.

It is interesting to see that NO2 and SO2 molecules are molecu-
larly bonded to the metal cluster. This means that molecules are
trapped but not dissociated. Metal clusters in these systems do
not act as catalysts. They may be scavenger (or hunters) of air pol-
lutants. In order to do so, exergonic reactions with NO2 and SO2 are
desirable. To analyze these interactions, Figs. 3 and 4 present Gibbs
free energies as a function of the number of metal atoms in the
clusters, for all systems being studied.

The first interesting result is that there is an odd-even alterna-
tion of DG values. Systems with an odd number of metal atoms
7 8 9 10

Number of metal atoms

Agx(NO2) Aux(NO2)

-NO2] reaction; M = Cu, Ag, Au; x = 2–10.

7 8 9 10

Number of metal atoms

Agx(SO2) Aux(SO2)

-SO2] reaction; M = Cu, Ag, Au; x = 2–10.
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(even number of total atoms) are more exergonic than those with
an even number of metal atoms. The explanation for this behavior
is not obvious. Thus, closed-shell systems are possibly more stable
than open-shell systems, meaning that reactions that produce
closed-shell systems will be more exergonic. However, this is not
the case, as NO2 is a free radical, whereas SO2 is not. For Mx(NO2),
the spin multiplicity of the systems with an odd number of metal
atoms indicates that they are singlets, whereas for Mx(SO2) they
are doublets. The alternation of the 4G values can neither be
explained by the symmetry of the structures, nor by the atomic
charges. The bond of NO2 and SO2 with the metal clusters is similar
in all systems. There is still no explanation for this, but the proba-
ble conclusion is that clusters with an odd-number of metal atoms
Fig. 5. Optimized structures for Aux(R)2 sy
are more reactive towards these molecules than those formed from
an even number of metal atoms.

The most exergonic reactions are those where copper clusters
and SO2 are present. For all systems, reactions with SO2 are at least
10 kcal/mol more exergonic than reactions with NO2. Furthermore,
MAO bond distances are shorter for SO2 than for NO2. Apparently,
the bond is stronger with the first than with the second. It may be
that all metal clusters react spontaneously with these two mole-
cules, enabling them to scavenge these pollutants. Apparently, they
are more effective for trapping SO2 than NO2.

With successive additions, it is possible for more than one
molecule to become bonded to the metal cluster. To investigate
these successive additions, two and three molecules were attached
stems, x = 2–10 and R = NO2 and SO2.
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to gold clusters. We selected gold clusters because the reactions
are less exergonic than those with copper and silver. If it works
with gold, it could also work with silver and copper clusters.

Figs. 5 and 6 present the most stable optimized structures of
gold clusters interacting with two and three molecules of NO2

and SO2. Several initial structures were optimized, but only the
most stable geometries are included in the figures. The majority
of the structures with two NO2 molecules are planar, whereas with
three molecules the structures can be either planar or three-
dimensional. MAO bond length is similar for all systems. Gibbs free
Fig. 6. Optimized structures for Aux(R)3 sy
energies are reported in Figs. 7 and 8. These were calculated con-
sidering successive additions, i.e. a single molecule is added to
any gold cluster that is already bonded to one molecule; so that
a third molecule is added to any system that is already bonded
to two molecules. Results are similar to those observed previously
with only one molecule; once again reactions with SO2 are more
exergonic than reactions with NO2. There is also an even-odd
alternation.

Analyzing the results for Au2, interestingly, Gibbs free energy is
highly exergonic on the addition of the second molecule, whereas
stems, x = 2–10 and R = NO2 and SO2.
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this is not the case on the addition of the third molecule. Similar
results were found for Au4. For gold clusters with 6, 8 and 10
atoms, less exergonic reactions are evident on the third addition
than the second one. In the case of gold clusters with 3, 5, 7 and
9 atoms, results are reversed (third addition is more exergonic than
second addition, and first addition is the most exergonic). Regard-
less of which is more exergonic, the most important result is that
in thermodynamic terms, all gold clusters are capable of trapping
up to three molecules from these contaminants.

Fig. 9 reports the optimized structures of the most stable struc-
tures of Au20 with one, two and three molecules of NO2 and SO2.
Gibbs free energies are also presented in the Figure. For all geome-
tries, gold cluster maintains a structure similar to that of the bare
cluster, and molecules are molecularly bonded. All the reactions
are exergonic, and are generally less exergonic than the corre-
sponding reactions for smaller gold clusters. Apparently, as the size
of the cluster increases, exergonicity decreases. In summary, suc-
cessive additions of NO2 and SO2 in gold clusters are exergonic,
making these systems efficacious for trapping these atmospheric
pollutants.
4. Concluding remarks

This investigation is a theoretical study of the reactivity of small
metal clusters (Cu, Ag and Au) with air pollutant molecules (NO2

and SO2). The formation energies indicate that these small metal
clusters could act as air pollutant hunters, as reactions are exer-
gonic and thus thermodynamically feasible. Cu clusters present
the most exergonic reactions, followed by Ag and Au, respectively.
Furthermore there is even-odd alternation in the Gibbs free energy
of the addition reactions. Au clusters were used to study successive
additions and results show that Au clusters are capable of trapping
up to three air pollutant molecules (NO2 and SO2). These results
may serve as an important guide for further experimental and the-
oretical studies.



Fig. 9. Optimized structures for Au20(R)y systems, R = NO2 and SO2 and y = 1–3. We include the DG (kcal/mol) of reaction.
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Reactivity of atomic gold anions toward oxygen and the oxidation of CO:
experiment and theory, J. Am. Chem. Soc. 126 (2004) 2526–2535.

[7] M.L. Kimble, A.W. Castleman Jr, C. Burgel, V. Bonačić-Koutecký, Interactions of
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