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ABSTRACT: Heterogeneous CO oxidation is a demanding reaction at room temperature due to the high activation energy
required to break the O=0O bond. While several metal clusters are reported to oxidize CO successfully, they fall short of their
selectivity for the reaction and recyclability. In this regard, there is a need for economic catalysts with high catalytic activity, low
activation barrier, and reusability. In this study, we have investigated the catalytic activity of the neutral pristine and ligated Ag,,
cluster toward CO oxidation. We investigated the attachment effect of three organic donor ligands: trimethylphosphine,
triethylphosphine, and N-ethyl pyrrolidone to the Ag,; cluster. Our results show that including donor ligands on the Ag); cluster
surface can significantly reduce the barrier heights for CO oxidation. The minimum barrier heights with the system coordinated with
triethylphosphine showed the lowest activation barrier of 1.06 kcal/mol compared to the high activation barrier of 14.77 kcal/mol
recorded for the pristine cluster. Exploration of the reaction mechanism and charge analysis showed that the electron donor ligands
activate O, via charge donation, thereby reducing the barrier heights of CO oxidation.

B INTRODUCTION

In the current industrial revolution era, carbon monoxide
(CO) presents a significant threat to humankind. Most CO
emissions occur due to the incomplete combustion of fossil
fuels in automobiles. Due to its high toxicity and ability to bind
strongly with hemoglobin by replacing oxygen, even minor
exposure to CO can be lethal. Moreover, being a colorless and
odorless gas, exposure to carbon monoxide is difficult to detect
or prevent. Chemical conversion of CO to CO, is a viable
solution to this problem. CO oxidation also has crucial
applications in the chemical industry, ranging from catalytic
converters, sensing, proton-exchange membrane fuel cells, and
synthesizing fossil fuel alternatives. Due to its widespread
applications, CO oxidation is one of the most widely studied
chemical reactions in the history of heterogeneous catalysis.
Although the reaction is exothermic, the oxidation reaction is
challenging under ambient conditions due to the high
activation energy required to break the strong O=O bond,
which also acts as the rate-determining step. Therefore,
reducing the O, dissociation barrier is a crucial strategy to
facilitate the overall CO, oxidation process and is the key to
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designing an effective heterogeneous catalyst. In recent times,
metal-based cluster catalysts such as Pt, Rh, Au, Cu, and Ry,
either as isolated clusters or supported on various surfaces such
as Al,Os, ZrO,, CeO,, activated carbon, and SiO, have been
reported with appreciable activity toward CO oxidation.' ™"
However, most of these metals are expensive and also fall short
concerning the selectivity toward CO oxidation."' Further-
more, Pt-based catalysts are easily deactivated at temperatures
of 700—800 °C in the catalytic cycle.'””"* Therefore, designing
cost-effective catalysts with higher activity and selectivity is
extremely important.

In the heterogeneous catalytic pathway, CO oxidation can
occur in two different ways. First is the Langmuir—Hinshel-
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Figure 1. Optimized structures of (left to right) pristine Ag;;, PMes-coordinated Ag,,, PEt;-coordinated Ag;;, and NEP-coordinated Ag;; clusters.

wood route, where O, and CO molecules are simultaneously
adsorbed on the catalyst surface, and CO is subsequently
oxidized to CO,. Second is the Eley—Rideal route, where only
O, is adsorbed on the catalyst surface, and CO later
approaches the surface where the reaction occurs. Numerous
theoretical and experimental studies have shown that various
forms of silver (free and supported) nanoclusters can
successfully catalyze CO oxidation at relatively low temper-
atures.”>™>> Additionally, theoretical investigations into the
structure of Ag nanoclusters have confirmed that the electronic
properties of the cluster are predominantly dependent on the
presence of the s' valence electron.”””” Qu et al. reported Ag
anchored on mesoporous CeQ, as efficient catalysts for CO
oxidation.”® It was found that the CeOQ, surface synthesized by
the hard template method could carry out 100% CO oxidation
at 65 °C, as opposed to the one synthesized via the surfactant-
template method, where the required temperature was 150 °C.
Similarly, Dutov et al. studied the effect of varying the OH/Ag
ratio in silica-supported Ag catalysts at low temperatures for
CO oxidation and reported that the highest catalytic activity
was observed only at the optimum OH/Ag ratio, where CO,
was released at room temperature.”” Motivated by these
investigations, we have investigated the potential of pristine
and ligated Ag); nanocluster toward CO oxidation in this
paper. Nanoclusters and nanoparticles, in general, possess
certain unique characteristics that make them better catalysts
than their bulk counterparts. The high activity of metal-based
nanoclusters can be attributed to the abundantly available
surface area, the surplus of free energy, and the ever-changing
nature of their surface.'* Moreover, metal nanoclusters can be
fine-tuned to suit desired applications by merely adding or
removing a single atom. A notable instance of this is the study
reported by Sanchez et al. showing that a gold nanocluster
composed of 8 Au atoms is highly active toward CO oxidation,
while the one with 7 Au atoms is inactive.’® Also, detailed
computational investigation can be efficiently conducted on
nanoclusters to understand the reaction mechanism because of
their fixed, finite size.

Despite these advantages, most small-size metal clusters are
metastable and prone to dissociation or coalescence. To
circumvent this limitation, clusters are usually coated with
organic ligands that protect them against dissociation or
coalescence. Moreover, ligands also prevent leaching against
reactive reagents. Although ligands are usually used for
protecting the sensitive core of the cluster, recent inves-
tigations have shown that some particular ligands can also be
effectively used to alter the redox properties and, thereby, the
reactivity. For example, our previous works have shown that
organic donor/acceptor ligands can significantly affect the
characteristic redox properties of metal-chalcogenide nano-
clusters.”’ Coordination of metal clusters with donor

phosphine ligands results in an electronic spectrum shift,
thereby critically reducing their ionization energies.”> Attach-
ing multiple donor ligands enables the cluster to behave as
superdonors with extremely low first and consecutively lower
second and third ionization energies. In another of our recent
works, we have shown that the same strategy can be utilized to
effectively reduce the barrier heights of CO, to formic acid
conversion.” In this work, we have utilized a similar technique
for CO oxidation. We have shown that attaching an electron
donor ligand in the vicinity of adsorbed O, site of the Ag,
cluster significantly reduces barrier heights. For this purpose,
we have chosen three organic electron donor ligands, namely,
trimethylphosphine (PMe;), triethylphosphine (PEt;), and N-
ethyl pyrrolidone (NEP) and studied the catalytic activity of
the ligand-coordinated Ag;, cluster. Evaluation of the reaction
mechanism by intrinsic bond orbital (IBO) calculations and
charge analysis has revealed that the attached donor ligands
activate the O, molecule via charge donation, thereby
facilitating the O, dissociation and subsequent C=O bond
formation. Our GGA-PBE results show that the CO oxidation
barriers can even be reduced to ~1.0 kcal/mol using suitable
donor ligands compared to the 12—15 kcal/mol barrier heights
obtained for the pristine cluster. The calculated trend in the
barrier heights also qualitatively agrees with the donor strength
of the attached ligands. We believe our calculated results
reported herewith can aid in designing efficient heterogeneous
catalysts for CO oxidation.

B COMPUTATIONAL METHODS

All Density Functional Theory (DFT) calculations were
performed using Gaussian 09°* quantum chemistry program.
Geometry optimizations have been carried out by using the
PBE’* functional. The LANL2DZ® basis set was used for the
silver atoms, and the TZVP®’ basis set was used for Carbon,
Oxygen, Phosphorus, and Hydrogen. Vibrational frequency
analysis was conducted to confirm that the optimized
structures are local minima. The transition states were
identified using the Berny’® algorithm with the GEDIIS®
method and were characterized by a single imaginary
frequency. Hirshfeld charge analysis*’ and natural population
analysis*’ (NPA) were carried out to understand the
mechanism of charge transfer between the ligand and the
cluster. Intrinsic reaction coordinates (IRC) calculations®
were also performed for both the transition states of the
pristine cluster to ensure that they connected the correspond-
ing intermediates and products along the potential energy
surface (PES). The density of states (DOS) calculation was
performed with Multiwfn,™ and the reaction mechanism was
evaluated by intrinsic bond orbital (IBO) calculations by using
the IboView software.***
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B RESULTS AND DISCUSSION

In the present study, we look at the pristine Ag,; cluster and
the effect of ligation by trimethylphosphine (PMe;),
triethylphosphine (PEt;), and N-ethyl-2-pyrrolidone (NEP)
on the same toward CO oxidation. The starting geometry of
the cluster was adapted from McKee and Samokhvalov, where
the structures were optimized at the MO06 level, and the
ECP28MWSB basis set was employed for Ag.*® Our choice of
Ag,, is motivated by recent experiments that have identified
stable li&ated Ag), clusters via mass spectroscopy of ligated
species.””*’™* Clusters within such a size range are well-
known for dominant electronic and geometric effects which
usually lead to unique reactivity. Since the present work is
focused on the effect of ligands on the reactivity of clusters,
Ag,, was a natural choice. The optimized structures shown in
Figure 1 appear to be in general agreement with previously
reported results. The average distance between two Ag atoms
was found to be 2.87 A. Several different attachment positions
for O, and CO were investigated to arrive at the lowest
attainable minima. Furthermore, in the process of finding the
lowest achievable minima, different spin multiplicities (2, 4, 6,
8, and 10) were optimized for Ag;; and the lowest energy
minima, i.e., the doublet, was chosen. The optimized ground
state geometry along with some important interatomic
distances, are shown in Figure 2a. The molecular orbital
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Figure 2. (a) Side view and top view of optimized pristine Agy,
cluster, (b) DOS plot of optimized pristine Ag;; cluster.

(MO) and density of states (DOS) diagram for both spin
channels are included in Figure 2b. Additionally, The
HOMO-LUMO isosurfaces and the gaps for both the spin
channels are also marked. The DOS diagram reveals that the
HOMO orbitals for both spins are mostly composed of s
orbitals of Ag, along with minor contributions from p and d
orbitals. The optimized energies of the various multiplicities
are reported in Supporting Information (Table S1). At every
step, the absence of any imaginary frequency was ensured, and
all the structures in the study were taken at their local minima.
It was observed that the O, molecule preferred to bind with
Ag, in a diagonally perpendicular manner, as depicted in
Figure 3, and showed a bond distance of 2.38 A with Ag.
Initially, the bond length of the O, molecule adsorbed on the
Ag,, cluster was found to be 1.29 A; and this was increased to
1.30 + 0.01 A upon optimization with CO alongside. The
binding energy analysis was conducted, and the most
thermodynamically favorable binding sites for both O, and
CO were chosen.

Figure 3. Optimized pristine Ag,, cluster showing the adsorption sites
and orientation of O, and CO.

CO oxidation can occur on a catalyst surface via the
Langmuir—Hinshelwood (LH) pathway or the Eley—Rideal
(ER) pathway.’>*' In this study, we have confirmed the
Langmuir—Hinshelwood mechanism for CO oxidation. In the
case of surface catalysts, the ER mechanism is generally
preferred due to a low activation barrier; however, in the case
of metal and metal oxide clusters, the LH mechanism is
preferred.”>™>° Due to the stronger binding energy between
the substrate and the reactant molecules, namely, O, and CO,
the LH pathway is generally avoided in surface catalysis. In the
ER mechanism, only O, is chemisorbed on the catalyst surface,
whereas in the LH mechanism, an additional CO molecule is
adsorbed along with O,. The stronger the binding energy
between the adsorbate and the surface, the higher will be the
reaction barrier. Furthermore, in the ER pathway, the
transition state can be attained by weakening the bond
between the oxygen and the metal atoms, and in the LH
pathway, the second transition state can be attained by
weakening an additional bond between the CO molecule and
the surface. However, the ER pathway requires the CO to be
adsorbed by making a certain angle with the cluster. This is
often not the case, as the CO molecule tends to enter a
chemisorption well>® when it adsorbs on the cluster, and the
probability of this occurring is fairly high. Even if the initial
desirable orientation for the ER mechanism is achieved, it may
not proceed further because the activation barrier will be
significantly high when CO approaches O,. Hence, the ER
pathway is restricted to surface catalysts. It is worth
mentioning that the pathway that leads to the highest O,
activation will be chosen.

In the LH mechanism, O, and CO molecules are
simultaneously adsorbed onto the Ag;, cluster, and they
subsequently react to produce CO,. Several studies have
confirmed the successful possibilities of O, and CO adsorption
on supported and surface Ag catalysts and their activation on
the same.””~% The reaction of CO oxidation begins with the
simultaneous adsorption of O, and CO on the Ag); cluster. All
the possible sites on the Ag;, cluster were investigated for the
adsorption of O, and CO molecules, and the site that resulted
in the lowest energy and the most effective in activating O,
activation was chosen. Among the various sites explored,
bridge-like adsorption of O, was avoided to maintain free
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Figure 5. Reaction profile of CO oxidation on Ag,;—PMe; cluster.

active sites on the catalyst. Upon adsorption, O, is activated,
leading to the formation of the first intermediate. Sub-
sequently, the first transition state is formed, which includes
the simultaneous weakening of the O, bond and the beginning
of the formation of CO,. Next, there is an increase in the O=0
length and a decrease in the newly formed bond between O,
and CO in the second intermediate. Finally, there is a complete
breakage of O, and the complete formation of CO,, which is
achieved via the second transition state. This mechanism was
found to be consistent for CO oxidation even when the three
ligands, PMe;, PEt;, and NEP, were coordinated with the
pristine Ag), cluster. Our investigation shows that the electron
donor ligands are most effective in reducing the barrier heights
when attached adjacent to the CO site, hence, in this work, we
have considered such sites for attaching all three donor ligands.
The adsorption of O, on the ligand-coordinated cluster was
not found to be significantly different, as the O, molecule

10769

bonded with the cluster with a distance of 2.61 A in the case of
both PMe, and PEt; and 2.34 A in the case of NEP.

We calculated the activation barrier for the formation of the
O—0-C-O intermediate in the case of the pristine Ag,
cluster, as well as the ligand-coordinated clusters (Figures
4—7). With respect to transition state 1 (TS-1), we observed
that the activation barrier was 14.77 kcal/mol, 4.85, 1.06, and
1.72 kcal/mol with pristine Ag;; cluster, PMe; coordinated
cluster, PEt; coordinated cluster, and NEP coordinated cluster,
respectively. The drastic drop in the activation barrier when
Ag), is coordinated with the ligands suggests that the ligands
significantly affect the reaction. The PEt;-coordinated system
showed the lowest activation barrier. Furthermore, it was
observed that while all the ligands bond with the Ag;, cluster at
the same site, in the case of NEP, the reactant O, molecule is
pushed away from the ligand-binding site. This can be
attributed to the repulsion between NEP and the O, molecule

https://doi.org/10.1021/acs.jpca.3c04675
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caused by the former’s bulkiness. Unlike the other systems, the
charge donation in the case of NEP is not immediate from the
ligand to the cluster to the reactant O, molecule. Hence, the
slightly higher barrier in the case of the NEP-coordinated
system can be attributed to the fact that the sites of ligation
and reaction are different. The calculated activation barriers for
all the clusters are summarized in Table 1. Additionally, to
address the possibility of ligand oxidation preceding CO

oxidation, we investigated the oxidation cycle of the ligands

Table 1. Summary of Calculated Activation Barriers

first activation energy barrier second activation energy

cluster (kcal/mol) barrier (kcal/mol)
pristine 14.77 12.26
Ag)y
Agi— 485 0.90
PMe;
Agy—PEt, 1.06 2.19
Ag,,—NEP 1.72 3.24

using Ag,;—PMe; as a representative system. In this instance,
the calculated activation barrier of 24.02 kcal/mol was
significantly higher than any of the barriers observed for CO
oxidation. Based on these findings, we conclude that CO
oxidation is the favored pathway over ligand oxidation. This
reaction profile is provided in the Supporting Information
(Figure SS).

We would like to briefly outline the effect of ligands on the
cluster. The ligands interact with the cluster, forming charge-
transfer complexes. As our previous studies have indicated, two
kinds of effects are responsible for altering the ionization
energy; initial state effects and final state effects. Initial state
effects arise primarily via the formation of bonding and
antibonding orbitals that cause a shift in the HOMO level.
Final state effects arise from the improved binding of the
electron-donating ligands with the nanocluster.’’ All the
ligands studied here are electron-donating in nature and create
surface dipoles that cause a reduction in the ionization energy
of the system. This effect is somewhat similar to the

https://doi.org/10.1021/acs.jpca.3c04675
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Figure 8. Transition state structures (left-TS1) and (right-TS2) of (a) pristine Ag,;, (b) Ag;;—PMes, (c) Ag;;—PEt;, and (d) Ag;;—NEP.
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Figure 9. IBO analysis for TS1 and TS2. In (a), the migration of the orange lobe signifies the conversion of the 7 bond of O, and the subsequent
formation of the O—C o bond in TS1. In (b), the shift of both the green and blue regions signifies the localization of the coordinate-covalent bond
of CO on O. In (c), the o orbital of O, converts to form the 7 bond of CO, in TS2, shown in pink and orange. In (d), the electron localization

shown in blue leads to the dissociation of Ag—C, causing CO, to split.

adjustment caused by dipole moment on the work function of
a metal.®’ ™% While interacting with the cluster, the ligands
establish bonds with the surface sites, creating bonding and
antibonding orbitals, and when the antibonding orbitals are
filled, a rise in the energy of the hybridized HOMO is
observed. This leads to an easier transition of electrons from
the lower energy state to the excited energy state.

The initial bond length of O, in the reactant state was found
to be 1.24 A with all the systems, pristine Ag,;, as well as all the
three ligand-coordinated clusters. In the case of the pristine
Ag,, system, the O, bond activation in the first transition state
is found to be 1.35 A, and subsequently reaches 1.66 A in the
second transition state (Figure 8a). With PMe;-coordinated
cluster, the initial activation in the first transition state is 1.37
A, and elongates up to 1.68 A in the second transition state
(Figure 8b). With PEt;-coordinated cluster, the first transition
state showed an O, activation of 1.37 A, and 1.62 A in the
second (Figure 8c). Finally, with the NEP-coordinated system,
O, activation shows a bond length of 1.33 A in the first
transition state and 1.63 A in the second transition state
(Figure 8d). The PMe;-coordinated cluster showed the highest

O, activation. While all the ligands are electron-donating, the
activation is highest in the case of PMe; owing to the higher
inductive effect of the methyl group. Additionally, due to the
electronegativity of the oxygen in NEP, the O, activation is
marginally lower. It is worth noting that successive ligand
attachment was investigated, and since there was no significant
change in the activation barrier in the case of 2-PMe;, it was
not pursued further.

To further quantify the donation of charge upon ligation, we
have carried out Hirshfeld charge analysis. As previously
indicated, when an electron-donating ligand is attached to the
pristine Ag; cluster, there is a donation of charge from the
ligand to the cluster, which then passes the charge to the
oxygen molecule, thereby activating it. To confirm this
phenomenon, we calculated the Hirshfeld charge. We found
that the charge on the O atom of Ag—O in the pristine Ag),
cluster was —0.146 in the first intermediate, and upon
attaching PMe;, it decreased to —0.210 in the first transition
state, indicating that there was a transfer of charge from the
cluster to the O atom. Furthermore, the charge on the O atom
of Ag—O in the first transition state geometries was found to
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increase to —0.211 and —0.173 in the case of PEt;- and NEP-
coordinated clusters, respectively. As the reaction proceeds
from the intermediate to the first transition state geometry, we
noted that the charge donation is most significant in the case of
PEt;, leading to the lowest activation barrier. The charge on
the O atom of Ag—O decreased from —0.174 in the first
intermediate to —0.211 in the first transition state, accounting
for the drop in the barrier. However, in the case of PMe; and
NEP, there was no significant charge donation between P and
Ag, and O and Ag respectively. The summary of the Hirshfeld
charge analysis is provided in the Supporting Information
(Tables S2—S5). The same charge transfer analysis was also
tested by natural population analysis (NPA) to confirm the
consistent results, whose details are provided in the Supporting
Information (Tables S6—S9).

To further understand the reaction mechanism of CO
oxidation on the Ag,, cluster, we have performed the intrinsic
bond orbital (IBO) calculations on the geometries along the
intrinsic reaction coordinate (IRC). It is well-known that
identifying the energetic and geometric alteration of intrinsic
bond orbitals along a reaction pathway can establish the
mechanism of any unknown or complex reaction process.” "’
Since the optimized structures of transition states and
intermediates remain largely similar even after ligand attach-
ment, we can conclude that the reaction mechanism of CO
oxidation on the Ag), cluster is unaltered upon ligand
attachment. As a result, the IBO calculations were performed
only for the CO oxidation pathway on the pristine Ag;, cluster.
The calculated results of the IRC calculations for both
transition states are included in the Supporting Information
(Figures S1 and S2). As shown in Figure 9, we have
summarized the IBO calculation results. As noted before, the
CO — CO, oxidation pathway on the Ag;, cluster proceeds via
two transition states (TS1 and TS2). IBO calculation reveals
that in the reaction pathway of the first transition state (TS1),
the O=0 7 bond is converted to O—C o bond (shown in
Figure 9a), resulting in a subsequent localization of the
coordinate covalent 7 bond of the carbon monoxide to the O
atom (Figure 9b). The o bond of O, gets dissociated during
the second transition state (Figure 9c). During this pathway,
the O—O o bond is seen to convert to the C—O 7 bond of
carbon dioxide. Subsequent electron delocalization leads to the
dissociation of the C—Ag bond, which is followed by the
formation of a new O—Ag bond on the cluster surface (Figure
9d). As a result of the C—Ag bond dissociation, the CO,
molecule gets free from the surface, and the newly formed O—
Ag bond results in an Ag—O—Ag bridge configuration in the
product, as shown earlier. It is important to note here that the
presence of a residual oxygen atom does not imply an
incomplete reaction. Upon the generation and subsequent
desorption of CO,, a single cycle of CO oxidation attains a
state of completion. This pivotal step within a given cycle
subsequently serves as the inception point for the ensuing
reaction sequences. The lingering O atom assumes a catalytic
role, facilitating additional oxidation reactions, or it may
engage in recombination with other oxygen atoms to generate
O,, thereby initiating another cycle of the process. To validate
this hypothesis, we further investigated the second catalytic
cycle between a CO molecule and the residual oxygen for both
the pristine Ag;, cluster and the Ag);—PMe; cluster. The latter
was chosen as a representative for all the three ligands
employed in this study. In the case of the pristine cluster, a
barrier of 16.28 kcal/mol was observed. For the ligated cluster,

the barrier was found to be 1.24 kcal/mol. These reaction
profiles are provided in the Supporting Information (Figure S3
and Figure S4).

Bl CONCLUSIONS

We have conducted density functional calculations to under-
stand the catalytic activity of Ag,; toward CO oxidation.
Subsequently, three different organic donor ligands, PMe;,
PEt;, and NEP, were coordinated to the pristine Ag,); cluster,
and their activity with respect to CO oxidation was studied.
While the pristine system showed an activation barrier of 14.77
kcal/mol, attaining the first transition state, the PEt;-stabilized
cluster showed the least barrier of 1.06 kcal/mol. Further, all
the transition states obtained in the study were validated using
IRC, and the highest O, activation was seen in both PMe; and
PEt;, wherein a change from 1.31 to 1.68 A and 1.62 A
respectively was observed compared to the pristine cluster
(1.35 A). In addition, IBO analysis of the IRC calculations was
performed for the pristine cluster to understand the
mechanism of the reaction. It was observed in TSI, that the
7 bond of O=O0 is transformed into a 6 bond between the O of
O, and the C of CO. Later, in TS2, the ¢ bond between O—0O
is broken to form the 7 bond of O=C=0. The significant drop
in the activation barrier upon coordination with ligands can be
attributed to the synergistic stabilization effect of electron
donation by the ligands and the generation of surface dipoles
that reduce the ionization energy of the metal cluster, leading
to a reduction in the HOMO—LUMO gap of the metal, which
in turn induces electron transfer from the metal to oxygen,
activating it. The activated oxygen subsequently reacts with the
CO, forming CO,. The slightly higher activation barrier with
NEP is explained by considering the presence of oxygen, an
electronegative element, which changes the site of reaction by
pushing the O, away from the ligation site. Hirshfeld charge
analysis and NPA further confirmed the charge transfer from
the ligands to the cluster, resulting in the donation of charge
from the cluster to the adsorbed O, molecule, activating it.
This study helps to understand in detail the mechanism of CO
oxidation followed on Ag); metal cluster and the role of
electron-donating organic ligands in reducing the activation
barrier of the reaction.
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