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Abstract 

Linear atomic chain (LAC) gold nanowires (Au-NWs) containing oxygen impurities are 

materials that could be used as supports to stimulate chemical reactions. Its peculiar 

structural characteristics, such as abnormal Au-Au bonds, make it interesting to explore the 

chemical reactions of this material at a theoretical level. This work investigated the chemical 

reaction of ethanol supported on Au-NW containing two oxygen impurities. Using ab initio 

molecular dynamics simulations, it was shown that the presence of oxygen impurity in the 

LAC conditions the minimum energy paths (MEP) that ethanol will follow in its chemical 

transformation. When the structure of the LAC contains two oxygen impurities, the formation 

of acetaldehyde and acetic acid as reaction products were observed. Specifically, the presence 

of two oxygen impurities in the LAC favors the migration of hydrogens of the -CH2- and -OH 

groups of ethanol towards the LAC. In addition, it was observed that the formation of the C-O 

bond was favored, which implies an additional reaction intermediate that leads to a total of 

two different reaction paths in ethanol oxidation.  
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1. Introduction 

Low-dimensional materials are currently being intensely studied due to their inherent 

advantages as catalysts [1, 2]. All these materials, in particular, transition metals and carbon 

nanowires, are of interest due to their ability to promote chemical reactions of industrial interest as 

well as in other applications [3-6]. Our particular interest in this work focused on addressing 

chemical reactions in gold nanowires (NWs) containing single-atom thick structures in the form of 

linear atomic chains (LACs). 

The manufacture of linear atomic chain gold NWs is feasible due to innovative techniques such 

as metallic jump-to-contact, mechanically controllable break-junction, electrochemical growth, 

electron beam punching, and molecular jump-to-contact [7]. These techniques allow the design of 

NWs with predefined lengths and thicknesses and facilitate the study of the properties of NWs with 

diverse morphological and structural characteristics. Takayanagi et al. [8] were one of the first to 

fabricate ultra-thin gold NWs with thicknesses ranging from 0.8 to 2.0 nm and lengths of 5 to 10 ns, 

using an ultrahigh vacuum transmission electron microscope (UHVTEM). Later, this author managed 

to manufacture LAC with a length of four gold atoms [9], showing that the NWs are easy to fabricate. 

However, despite its easy manufacture on a laboratory scale, its manufacture on an industrial scale 

remains impossible, limiting its use as catalytic material. It is expected that this inconvenience will 

be resolved in a short time to take advantage of the potential offered by the NWs, mainly with LACs. 

From the first experimental [8-10] and theoretical studies [11-15] on linear atomic chain Au-NWs 

to recent studies [16, 17], it has been observed that the NWs can easily modify their chemical and/or 

structural nature in the presence of any type of contaminant [11, 13-15]. It is clear that these studies 

suggested that NWs could be interesting materials to stimulate and explore different types of 

chemical reactions, such as organic/inorganic molecules. For example, a pure LAC of four gold atoms 

in the presence of CO and O2 molecules can easily form a LAC of four gold atoms with an oxygen 

atom in its structure (Au-Au-O-Au-Au) [18]. This mechanism suggests that the introduction of 

oxygen in the LAC is a common process that favors the formation of LAC with different amounts of 

oxygen. This is feasible since LACs with up to ten gold atoms with varying oxygen contaminants were 

observed [19]. Furthermore, other studies have also shown that the oxygen atom in the LAC helps 

to keep the linear atomic chain stable, since the oxygen atom acts as an anchor for gold atoms [15, 

19], suggesting that the NWs with oxygen impurity in their structure are consolidated materials.  

The formation of LACs with different amounts of gold and oxygen atoms in their structure has 

been experimentally observed on several occasions [16, 20-23]. This suggests that LACs with 

different lengths and oxygen content in their structure are common in nature, and their formation 

may be relatively frequent [18, 19]. With this in mind, we performed simulation studies of the 

interaction of gold NWs in a high vacuum with an organic molecule. In the simulation, we used the 

nanowire designed by Nascimento et al. [18] as a starting point (Figure 1A). Subsequently, we 

modified the NW by adding an oxygen atom in the LAC (Figure 1B), and finally, we added another 
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oxygen atom to the NW (Figure 1C). The NW with two oxygen atoms was the reference structure to 

start our reactivity study (Figure 1C).  

 

Figure 1 Linear atomic chain (LAC) gold nanowire with four gold atoms, with and without 

oxygen impurities in its structure. The model of pure NW [18] with four Au atoms LAC 

(A), with four Au atoms and one oxygen impurity atom LACs (B) and with two oxygen 

atoms (C). 

Ethanol has been chosen as the organic molecule to interact with the LAC since its chemical 

reactions have been well established [24-26]. In particular, ethanol oxidation in heterogeneous 

catalysis has been well studied. For example, there are many reaction products of ethanol, including 

the formation of acetaldehyde [27], acetic acid [28], ethyl acetate [29], ethoxy [30], etc. All these 

products are formed mainly because the α-C-H, β-C-H, and O-H bonds are easily activated in the 

presence of transition metals [31, 32]. Even the activation of the C-C bond [33] also has been 

observed, which requires a lot of energy to break it in homogeneous catalysis. The activation of all 

bonds is the origin of the complex reaction behavior of ethanol. 

This study used ab initio molecular dynamics coupled with well-tempered metadynamics [34] to 

understand the chemical reaction of ethanol supported on an NW containing two oxygen impurities 

in the LAC, under high vacuum conditions. Here, the reaction mechanism involving the activation of 

the β-C-H bond of the CH2 group was stimulated [35, 36].  

2. Methodology 

All density functional theory calculations were performed using the CP2K program package [37, 

38]. The electronic structure was calculated with the density functional theory (DFT) using the 

Perdew-Burke-Ernzerhof (PBE) functional [39, 40], which includes a reparameterization of the D3 

Grimme density functional dispersion correction [41-43]. The QUICKSTEP module [44] was chosen 

for an efficient wave function optimization using the orbital transformation (OT) method [45], and 

to be able to combine Gaussians and Plane Waves (GPW) [46]. Wave functions were expanded in 

plane waves and Gaussians, using a cutoff of 650 Ry for plane waves and a real cutoff of 80 Ry for 

multiple grid mapping. The TZV2P-MOLOPT-GTH basis set was used for the C, H, and O atoms, and 

the DZVP-MOLOPT-SR-GTH basis set was used for the Au atom [47]. The valence electrons were 

used for Au(5d106s), O(2s22p4) and C(2s22p2) atoms. Geodecker-Teter-Hutter pseudopotentials were 

adopted to model the core electron [48, 49]. 

The simulations were based on Born-Oppenheimer molecular dynamics (BOMD). In all 

simulations, the timestep and temperature were set to 0.5 fs and 300 K, respectively. The 

temperature was adjusted using Nosé-Hoover chain thermostats [50, 51]. Equilibration was 
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performed using a massive Nosé-Hoover chain thermostat, with the thermostat-time-constant set 

to τ = 10 fs. Subsequently, before data collection, the systems were simulated for 2 ps with a Nosé-

Hoover chain global thermostat (thermostat-time-constant τ = 50 fs). Simulation cell sizes in X and 

Y were chosen to ensure space between the nanowires and to avoid interaction between their 

periodic images. The lengths of the simulation cells were defined as Lx = Ly = 20 Å. The movement 

of ethanol was constrained to the vicinity of the LAC, using an upper harmonic wall with a spring 

constant of k = 200 kcal mol−1 Å−2. This prevents ethanol from exploring regions that are not of our 

interest, thus avoiding unnecessary computational costs. 

Techniques such as metadynamics (including its variants) and potential energy surface (PES) 

scans were used to efficiently explore potential reaction paths, even those that could have high 

energy barriers. Without these techniques, it would be unfeasible to explore these reaction 

pathways successfully. Once the reaction path was achieved, techniques such as well-tempered 

metadynamics and nudged elastic band (NEB) were used to confirm and determine the minimum 

energy paths (MEP) of these reactions. 

Specifically, molecular dynamics simulations were accelerated using the metadynamics 

technique [52] and the extended Lagrangian metadynamics technique [52]. In the metadynamics 

technique, the Gaussians were added every 30 fs. The height of the Gaussians was defined as 4.5 

kcal/mol, and the width of the Gaussians was 0.9 Å. In the extended Lagrangian metadynamics 

technique, the parameters of the collective variables were defined with a virtual particle mass of 

30.0 AMU, a coupling spring constant λ = 2.0 (lambda), and the temperature of the auxiliary 

variables was 300 K. In both techniques, reaction coordinates (collective variables) were defined 

using distances between atoms. The minimum energy path of all chemical reactions was quantified 

using the harmonic NEB method. Specifically, the climbing-image nudged elastic band (CI-NEB) [53, 

54] was used. The spring constant value for NEB calculations was set to 0.02 au.  

3. Results and Discussions 

In this work, two reaction products were found during the oxidation of ethanol. The first 

observed was the formation of acetaldehyde, followed by acetic acid. The details of each reaction 

path are discussed below. 

3.1 Acetaldehyde Formation 

The entire reaction path is summarized in Figure 2, including the conformational changes induced 

by ethanol in the LAC before the chemical reaction occurs. Trajectory analysis shows that different 

relatively stable conformers are formed when ethanol interacts with the LAC (conformers 1, 2, and 

3, Figure 2). Of the three conformers observed, trajectory analysis showed that conformer-3 is the 

conformation that causes the onset of the oxidation reaction. In addition, the energy cost required 

to go from any of conformers 1 and 2 to conformer 3 was analyzed. NEB-CI analysis showed that 

low energy barriers must be overcome to form conformer-3. For example, a barrier of ~0.10 eV 

needs to be overcome to go from conformer-1 to conformer-3, and an energy barrier of ~0.15 eV 

needs to be overcome to go from conformer-2 to conformer-3 (Figures 2A and 2B). The low energy 

barrier to evolve from any other conformers to conformer-3 suggests that the starting of the 

chemical reaction is not affected by conformational changes that could impede the oxidation 

reaction. The size of energy barriers is 3.9-5.8 times larger than the barrier defined by the thermal 
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fluctuations at 300 k (KBT ~ 25.7 meV). It means that either conformer is easily formed at room 

temperature.  

 

Figure 2 Oxidation reaction path of ethanol supported on Au-NW contaminated with 

two oxygen impurities. This figure summarizes the formation of acetaldehyde from 

ethanol. The tip of the NW is not plotted to show the parts of the LAC more clearly. (A) 

NEB analysis shows the minimum energy path for the conformational change from 

conformer-1 to conformer-3. (B) NEB analysis shows the minimum energy path for the 

conformational change from conformer-2 to conformer-3. (C) NEB results show the 

minimum energy path for the formation of intermediate-1 (the image of intermediate-

1 was rotated for better visualization) from conformer-3. (D) NEB results show the 

minimum energy path for the formation of acetaldehyde from intermediate-1. (E, F, and 

G) Time evolution of the d1(C-Au), d2(-CH2-O), and d3(-OH-O) distances along the 

simulation trajectory.  

In the chemical reaction, we observe the formation of acetaldehyde in two reaction stages 

(Figures 2C and 2D). In the first stage, the formation of a stable chemical compound intermediate is 

observed, where a carbon atom bonds to a gold atom (intermediate-1, Figure 2). Specifically, this 

chemical compound intermediate was formed when the carbon atom of the —CH2— group 

interacted with a gold atom of the LAC and synchronously transferred one of the hydrogens of the 

—CH2— group to an oxygen atom of the LAC (Figures 2E and 2F). The synchronization confirmed 

that what happened was consolidated in only one stage. The synchronization of bond breaking and 
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bond formation was confirmed by analyzing the simulation trajectory of the distances d1 = d(C-Au) 

and d2 = d(H-O) (Figures 2E and 2F). The structure of the transition state (TS) in the minimum energy 

path from conformer-3 to intermediate-1 is shown in Supplementary material, Figure S1. 

In the second stage, intermediate-1 was observed to remain stable for a long time. The 

simulation trajectory showed that it takes approximately 9 ps for the —OH proton of intermediate-

1 to align with the other oxygen in the LAC. Once aligned, a proton transfer involving acetaldehyde 

formation can be observed. The proton transfer was indirectly confirmed by analyzing the 

simulation trajectory of the distance d3 = d(H-O) (Figure 2G). Also, the formation of acetaldehyde was 

confirmed by analyzing the distance d1 = d(C-Au) from ~9 ps of time evolution (Figure 2E).  

Regarding the energy cost of the oxidation reaction, the results of the NEB-CI analysis showed 

that in the first stage (Figure 2C), only an activation energy barrier of ~0.34 eV needs to be crossed 

from conformer-3 to intermediate-1, that is, about 13 times the energy barrier defined by thermal 

fluctuation at room temperature (~25.7 meV). An energy barrier of that size suggests that the 

reaction is kinetically favorable and could occur quite easily. In the second stage (Figure 2D), the 

NEB results showed a negligible energy cost to form acetaldehyde, intermediate-1 readily gives way 

to acetaldehyde as long as proper orientation between the proton of intermediate-1 (—OH) and 

oxygen from the LAC occurs. As it is a proton transfer to an oxygen atom of the LAC, the energy cost 

is negligible in the second stage.  

The initial and final stage of the process is summarized in the chemical equation below. The 

symbol ≡ denotes the tip of the NW. 

CH3CH2OH + ≡Au-O-Au-O-Au-Au≡ → CH3CHO + ≡Au-OH-Au-OH-Au-Au≡ 

On the other hand, the formation of acetaldehyde in pure LAC follows a different reaction path. 

For example, the second stage of this reaction occurs in an endothermic process that is very 

different from the one observed in the presence of oxygen atoms in the LAC (exothermic), see 

Supplementary material, Figure S2. This clearly shows that oxygen in the LAC drastically modifies 

the behavior of the ethanol reaction.  

3.2 Acetic Acid Formation  

Another reaction is also possible, where simulation trajectory analysis showed the formation of 

another intermediate (intermediate-2) from intermediate-1 (Figure 3). In this case, the C-Au bond 

consolidated during the formation of intermediate-1 is broken to form the C-O bond with one of the 

two oxygen atoms available in the LAC (LAC with two oxygen impurities). The temporal evolution of 

the distances d4 = d(C-Au) and d5 = d(C-O) confirms this behavior (Figure 3). Simulations show that this 

transformation requires about ~2.0 ps to occur. NEB-CI analysis shows that intermediate-2 is 

thermodynamically more stable than intermediate-1. Furthermore, the activation energy barrier to 

form intermediate-2 from intermediate-1 is ~0.22 eV, which is a low energy barrier that favors the 

formation of intermediate-2 easily. Once intermediate-2 is created, the energy required to return 

to intermediate-1 is very high, approximately 2.75 eV (Figure 3). Therefore, once the chemical 

compound intermediate-2 is formed, it will lead to the formation of a different reaction product. In 

the intermediate-2 configuration, the hydrogen trapped in the LAC oxygen (Au–OH–Au, Figure 3) 

can be released to interact with any LAC gold atoms (Au–H–Au) in a dynamic equilibrium process. 

This last configuration will be used to explore possible reaction paths in the formation of acetic acid. 
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The structure of the TS in the minimum energy path from intermediate-1 to intermediate-2 is shown 

in Supplementary material, Figure S3. 

 

Figure 3 Analysis of the formation of intermediate-2 from intermediate-1. The NEB-CI 

result shows the minimum energy paths of this process. Indirectly, the temporal 

evolution of the distances d4 = d(C-Au) and d5 = d(C-O) shows the transformation from 

intermediate-1 to intermediate-2. Only the LAC part of the nanowires is shown in the 

figures for a clearer representation of the process. 

The structure of intermediate-2 shows that the acetic acid molecule may be another reaction 

product. Intermediate-2 requires almost no loss of hydrogen from the —CH— group. Considering 

this possibility, a PES scan was performed to determine by which reaction path the migration of 

hydrogen —CH— would occur (Path 1, Path 2, and Path 3, Figure 4). Three possible different 

migration paths are presented where migration could occur: (i) Path 1, hydrogen from the —CH— 

group migrating to the gold atom (Figure 4A, A1, A2, and A3), (ii) Path 2, hydrogen from the —CH— 

group migrating to the oxygen (O1) of the intermediate-2 itself (Figure 4B, B1, B2, and B3 

transposition reaction), and (iii) Path 3, hydrogen of the —CH— group migrating to oxygen (O2) 

from the LAC (Figure 4C, C1, C2, and C3). 
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Figure 4 Migration of the hydrogen —CH— from intermediate-2 towards the LAC atoms 

studied using potential energy surface (PES) scan analysis. The migration of the 

hydrogen —CH— leads to the formation of acetic acid as the final product of the 

reaction. (A) The migration path of the hydrogen —CH— to a gold atom of the LAC. (B) 

The migration path of the hydrogen —CH— to the oxygen atom (O1) of the 

intermediate-2 itself, this path is known as a transposition reaction. (C) Migration path 

of the hydrogen —CH— to an oxygen atom (O2) of LAC. 

It has been observed that the potential energy of the system decreases strongly when the 

migration of hydrogen —CH— takes any of the three possible reaction paths. In all three cases, the 

sharp drop in energy leads to a more stable configuration related to the formation of acetic acid. 

However, in each of these three cases, the energy barrier must be overcome to achieve this sharp 

drop in energy differs for each reaction path. In Path 1, when the hydrogen goes to the gold atom 

of the LAC from a distance of ~3.5 Å towards ~1.6 Å, it has to overcome an energy barrier of at least 

~0.28 eV (Figure 4A). In Path 2, which involves a transposition migration, an energy barrier of at 

least ~2.0 eV has to be overcome (Figure 4B). In Path 3, when hydrogen goes to the oxygen atom of 

the LAC from ~2.8 Å to ~2.0 Å, an energy barrier of at least ~0.27 eV has to be overcome (Figure 4C). 

The Path 1 and Path 3 reaction pathways suggest that relatively low energy barriers must be 

overcome to form acetic acid. The barrier of Path 2 is ~7.4 times higher than Path 1 and Path 3 and 

is discarded. The formation of acetic acid could be given preferentially by Path 1 and Path 3. 

Therefore, only those possibilities were explored. 
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The reaction paths that lead to the acetic acid formation (Path 1 and Path 3) were selected with 

a low activation energy barrier, subsequently, ab initio molecular dynamics simulations coupled 

with well-tempered metadynamics were carried out to confirm these chemical reactions. For Path 

1, the collective variables CV1 = dC-H, and CV2 = dAu-H were chosen (Figure 5A), and for Path 3, the 

collective variables CV1 = dC-H, and CV3 = dO-H were used (Figure 5B). Analysis of the free energy 

surface shows that the formation of acetic acid effectively occurs through two different reaction 

paths, both with low energy costs (in both cases, a ~0.28 eV barrier needs to be passed). This shows 

that the migration of the hydrogen —CH— from intermediate-2 occurs easily, both to the oxygen 

atom (O2) or the gold atom of the LAC. It is also noted that the free energy difference between 

intermediate-2 and acetic acid is approximately 0.6 eV. In other words, in the second stage of 

ethanol oxidation, the formation of acetic acid occurs in an exothermic process. The structure of the 

TS in the minimum energy path from intermediate-2 to the acetic acid is shown in Supplementary 

material, Figure S4. 

 

Figure 5 Free energy surface obtained in the formation of acetic acid from intermediate-

2. The free energy surface was constructed considering the collective variables (or 

reaction coordinates) CV1 = dC-H and CV2 = dAu-H for reaction Path 1. For reaction Path 3, 

the collective variables CV1 = dC-H and CV3 = dO-H were used. (A) Path 1 shows the free 

energy surface when the hydrogen —CH— of intermediate-2 migrates to the gold atom. 

(B) Path 3 shows the free energy surface when the hydrogen —CH— of intermediate-2 

migrates to the LAC oxygen atom. 

The initial and final stages of the process are summarized in the chemical equation below. The 

symbol≡denotes the tip of the NW. 

CH3CH2OH + ≡Au-O-Au-O-Au-Au≡ → CH3COOH + ≡Au-OH-AuH-Au-Au≡ 

From the beginning of the reaction to the formation of the products, it was observed that the 

two oxygen impurities in the LAC play fundamental roles in the oxidation of ethanol. They favor the 
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migration of hydrogen from the molecules to the LAC and also the formation of C-O bonds, resulting 

in the formation of more than one reaction intermediate in the reaction path.  

4. Conclusions  

Ab initio molecular dynamics simulations, together with techniques such as metadynamics, PES 

scan, and NEB, have allowed the understanding of the complex behavior of the oxidation reaction 

of ethanol supported on a gold nanowire containing two oxygen impurities. Three types of 

conformers were found in the interaction between ethanol and the LAC, which have low energy 

barriers allowing conformer transformation by thermal fluctuations. The chemical reaction only 

starts when the system adopts the conformer-3 configuration in which the ethanol —CH2— group 

is closest to the LAC.  

Throughout the oxidation reaction of ethanol, the formation of two reaction products was 

observed: (i) acetaldehyde, and (ii) acetic acid.  

4.1 Acetaldehyde 

In the first instant, the formation of acetaldehyde was observed in two reaction stages. In the 

first stage, the formation of a stable intermediate chemical compound (intermediate-1) was 

observed, which remained stable for a long simulation time. In the second stage, this intermediate-

1, through a proton transfer process, loses a proton to form acetaldehyde.  

4.2 Acetic Acid 

The formation of acetic acid is favored when intermediate-1 forms another thermodynamically 

more stable intermediate (intermediate-2). Through a proton transfer process, this second 

intermediate loses a proton (—CH—) through different reaction pathways to form acetic acid. 

Therefore, these results show that the presence of oxygen impurities in the LAC favors the formation 

of acetic acid. 

In the formation of both reaction products, it can be seen that only in the first reaction stage 

considerable energy is required to stimulate the chemical reaction. The other stages involve proton 

transfer mechanisms and require much less energy than the first stage.  
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