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Abstract Gold-based heterogeneous catalysts have

attracted significant attention due to their selective partial

oxidation capabilities, providing promising alternatives for

the traditional industrial homogeneous catalysts. In the

current study, the energetics of adsorption/desorption of

alcohols (CH3OH/methanol, CH3CH2OH/ethanol, CH3-

CH2CH2OH/n-propanol) and esters (HCOOCH3/methyl

formate, CH3COOCH3/methyl acetate, and CH3COOCH2-

CH3/ethyl acetate) on a planar Au(111) surface was

investigated in conjunction with oxidative coupling reac-

tions by means of temperature programmed desorption

(TPD) and dispersion-corrected density functional theory

(DFT) calculations. The results reveal a complex interplay

between inter-molecular and surface-molecule interactions,

both mediated by weak van der Waals forces, which dic-

tates their relative stability on the gold surface. Both

experimental and theoretical adsorption/desorption ener-

gies of the investigated esters are lower than those of the

alcohols from which they originate through oxidative

coupling reactions. This result can be interpreted as an

important indication in favor of the selectivity of Au sur-

faces in alcohol oxidative coupling/partial oxidation reac-

tions, allowing facile removal of partial oxidation products

immediately after their generation preventing their com-

plete oxidation to higher oxygenates.

Keywords Density functional theory � van der Waals �
Adsorption energy � Partial oxidation � Alcohols �
Heterogeneous catalyst

1 Introduction

Concerted global efforts to cope with environmental and

climate issues related to the world’s large dependence on

fossil fuels as energy vectors are focused on improving

efficiencies of current energy conversion processes and

transformation systems. In addition to their direct utiliza-

tion as fuels, alcohols (particularly methanol and ethanol)

have high H/C atomic ratios rendering them convenient

feeds for onboard hydrogen production. Furthermore, their

higher reactivity (compared to alkanes) requiring milder

conditions for the corresponding hydrogen production

reactions make them attractive hydrogen carriers. Besides

these catalytic routes converting methanol and ethanol to

syngas, partial oxidation and oxidative coupling of alcohols

are other fast developing research fields related to chemical

energy efficiency and energy conversion. In view of these

facts, alcohols also provide extremely promising energy

alternatives that can be obtained in a sustainable fashion

from biological feedstocks. During the oxidation of alco-

hols, a rich selection of industrially important intermedi-

ates is produced. Esters are probably the industrially more

valuable products of partial oxidation of alcohols, while
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commercially less valuable oxygenates include aldehydes,

ketones, and organic acids. [1–10].

Unique heterogeneous catalysts can be designed by

exploiting the fundamental aspects of surface chemistry

that selectively favor particular reaction pathways during

the oxidation process over a multitude of others, yielding

valuable products. Although gold surfaces in bulk form are

well-known to suffer from low reactivity (typically due to

the low adsorption energies of the corresponding reac-

tants), they can be tailored at the nanometer scale to obtain

catalytically active phases [11–13]. Thus, a significant

portion of the recent activity in the design of heterogeneous

catalysts to be used in the selective oxidation of alcohols

has been directed towards gold-based materials [14–18].

Recent advances have made it possible to improve the

reactivity of gold surfaces by means of oxygen pretreat-

ment [10], alloying [19] and surface morphology or

porosity modification at the nanometer scale [20].

It has been reported that hydrocarbons and numerous

oxygenates, such as alcohols and aldehydes, predominantly

adsorb on clean gold surfaces molecularly (non-dissocia-

tively) and desorb in a reversible manner [10, 21–29]. A

careful assessment of various types of intermolecular

interactions as well as interactions between adsorbates and

the underlying surface is crucial to provide a complete

account of the energetics associated with such adsorption

systems. Weak van der Waals interactions, typically

ignored in the presence of covalent bonds, take center stage

in determining the favorable adsorption sites on the catalyst

surfaces. In addition to catalyst design, noncovalent inter-

actions between organic molecules and planar single

crystal metal surfaces have also been recently studied in the

context of self-assembled monolayer (SAM) systems and

identified as the principal factor in determining the

assembly patterns [30–34].

A comprehensive understanding of the adsorption site

preferences and adsorption strengths of the reactants and

the intermediates involved in the complex reaction mech-

anisms is essential for predicting the catalytic selectivity of

a particular catalyst in a given reaction. In a recent study,

Rodriguez-Reyes et al. [35] demonstrated that noncovalent

interactions between various oxygenates and their inter-

mediates generated on the planar Au(111) model catalyst

surface as well as their dispersive interactions with the gold

surface can be closely linked to the reactivity of these

species. An important factor in determining adsorption site

preferences is the adsorbate surface coverage. As the dis-

tance between neighboring molecules decreases, inter-

molecular interactions may become large enough to

strongly influence the adsorption energies and adsorption

geometries [36]. This becomes particularly important for

adsorbates with some degree of conformational flexibility.

A density functional study by Verwüster et al. [36]

demonstrated that the tilting angle of two substituted

4-mercapto-biphenylthiols changes linearly as a function of

their surface coverages on the Au(111) surface. In another

related work, Lee et al. [31] showed that at saturation

surface coverages of n-butane on coinage materials, inter-

molecular interaction may account for up to 25 % of the

total adsorption energy. Furthermore, adsorbate chain

length may have a direct effect on the adsorption energy

due to the differences in dispersion interactions. For

instance, the desorption energies of alkanes on Au(111)

have been found to increase with increasing chain length

[37, 38]. It should further be noted that adsorption of

organic molecules on Au and other metals may be influ-

enced by several other factors such as polarity of the

adsorbates [35], donor/acceptor character of the sub-

stituents [36] and intramolecular H-bonds [39].

The reason for the high selectivity of the gold catalysts in

alcohol partial oxidation and oxidative coupling reactions

can be related to the relatively low desorption energies of the

reaction intermediates, which kinetically limit the surface

residence times and further oxidation of these intermediates

to thermodynamically more stable total oxidation products

such as CO2. In the current work, we present a comparative

experimental and theoretical investigation of the adsorption/

desorption energies of various ubiquitously utilized alcohols

(methanol (MeOH), ethanol (EtOH), n-propanol (n-PrOH))

and esters (methyl acetate (MA), ethyl acetate (EA), methyl

formate (MF)), which can be obtained via oxidative coupling

reactions of the aforementioned alcohols on the Au(111)

planar model catalyst surface. The choice of this particular

set of molecules allows for a systematic exploration of the

effects of polarity, molecular size and adsorbate surface

coverage on the adsorption/desorption energies. Due to the

difficulty associated with mapping the experimental satura-

tion coverage onto an exact number of molecules per surface

unit cell, the effect of the adsorbate surface coverage was

computationally investigated at two different values, namely

1/4 monolayer (ML) and 1/9ML. In our current definition of

surface coverage, 1/4 and 1/9 ML correspond to a single

molecule in a 2 9 2 and a 3 9 3 surface unit cell, respec-

tively. The aim of the current study is to provide a detailed

account of the effects of several parameters in determining

the adsorption/desorption characteristics of alcohols and

esters on the Au(111) surface, which are crucial in predicting

the selectivity in partial oxidation mechanisms.

2 Methods

2.1 Computational Details

Dispersion-corrected density functional theory (DFT)

based total energy calculations were performed using a
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plane wave basis set with the Perdew-Burke-Ernzerhof

(PBE) functional [40] to describe electronic exchange and

correlation. Ultrasoft pseudopotentials were used to rep-

resent the ionic cores and to describe electron–ion inter-

actions. The weak interaction between the adsorbates and

the surface was described using a nonlocal, self-consistent

van der Waals correlation (vdW-DF [41]) implemented in

the Quantum Espresso code suite [42] via the Soler algo-

rithm [43]. This van der Waals augmented PBE

scheme was previously shown to work well in systems

involving physisorption of organic molecules on metal

surfaces [30]. The Au(111) surface was represented by

2 9 2 and 3 9 3 slabs for the two surface coverages (1/4

and 1/9 ML, respectively) with a vacuum of at least 20 Å

between periodic images in the direction perpendicular to

the surface. Converged values for adsorption energies are

obtained with slabs consisting of four atomic layers, with

the two bottom layers fixed to mimic bulk behavior.

Monkhorst–Pack [44] meshes of 12 9 12 9 1 and

8 9 891 points were used for the 2 9 2 and 3 9 3 slabs,

respectively in performing the Brillouin zone integrations.

A kinetic energy cutoff of 40 eV was imposed to truncate

the plane wave basis set while a cutoff of 400 eV was used

for the augmentation charge. Cold smearing [45] was

employed to assist in the integration process with a width

of 0.01 Ryd. The equilibrium geometry of the gas-phase

molecules were calculated using traditional PBE and vdW-

DF; both of which yielded results in good agreement with

experimental values [46]. Geometric optimization was

performed using the Broyden-Fletcher-Goldfarb-Shanno

(BFGS) algorithm [47–50].

The equilibrium lattice constant of face-centered cubic

Au at the vdW-DF level is 4.179 Å, which agrees well with

the experimental value of 4.078 Å. The adsorption energy

(Eb) was calculated using the equation

Eb ¼ Esurf + Eadsð Þ � Eadsþsurf ; ð1Þ

where Eads?surf, Esurf, and Eads denote the total energy of

the system (surface slab plus adsorbate), the energy of the

Au slab, and the energy of the gas-phase adsorbate

respectively. The total energies of the gas phase molecules

and the bare Au surface were also calculated using the

same vdW-DF scheme, for the sake of consistency. In

order to quantify and separate the effects of intermolecular

versus molecule/substrate interactions, additional calcula-

tions were performed where the adsorbate overlayer (at the

minimum-energy configuration determined for the surface

slab plus the adsorbate) was removed from the underlying

Au substrate and subjected to a single self-consistent field

(SCF) energy calculation using the same calculation

parameters. The intermolecular interaction contribution to

the adsorption energy was then calculated using the fol-

lowing equation:

Eint ¼ Eads � EOL ð2Þ

where EOL is the SCF energy of the isolated adsorbate

overlayer while Eads is defined in Eq. (1). According to this

prescription, a negative Eint indicates repulsive interaction

between the adsorbates while a positive value translates to

intermolecular attraction. In an attempt to relate the

observed trend in adsorption/desorption energies to

molecular properties of the isolated species, the dipole

moment and the isotropic polarizability of the gas phase

oxygenates under investigation were also calculated in the

DFT framework using the GAUSSIAN (G09) software [51]

with the hybrid B3LYP exchange–correlation functional

[51–54] and the aug-cc-pVTZ basis set [55].

2.2 Experimental

Experiments were performed in a custom-made multi-

technique ultrahigh vacuum (UHV) surface analysis

chamber with a base pressure of 2 9 10-10 Torr. The UHV

chamber was equipped with a temperature-programmed

desorption (TPD) system utilizing a quadruple mass spec-

trometer (QMS, Dycor model DM200 M), an X-ray pho-

toelectron spectrometer (XPS, Riber Mg/Al Dual anode

and Riber Model EA 150 Electron Energy Analyzer), an

Infrared Reflection Absorption Spectrometer (IRAS, Bru-

ker Tensor 37 with custom-made external IR optics) and a

custom-made rear-view low-energy electron diffraction

(LEED) setup. An Au(111) single crystal disc (10 mm

diameter, 2 mm thickness, both sides atomically polished,

MaTeck GmbH) was used as the substrate and was

mounted on Ta wires, which can be resistively heated up to

1000 K. The sample was cooled to ca. 90 K with liquid

nitrogen and its temperature was monitored via a K-type

thermocouple (0.05 mm, Omega) spot-welded on the lat-

eral edge of the single crystal. During the TPD experi-

ments, the sample was heated at a rate of 1 K/s using a PID

controller and a DC power supply (Heatwave Model

101303, Heatwave Inc.). Before the experiments, the

Au(111) surface was cleaned by multiple cycles of Ar?

sputtering using an ion gun (LK technologies, NGI3000)

operated with an accelerating voltage of 1.5 kV and sub-

sequent annealing to 873 K in vacuum. The cleanness of

the Au(111) surface was confirmed by XPS and LEED.

The investigated oxygenates were dosed onto the Au(111)

surface through a high precision leak valve at 90 K and

adsorbate surface coverages are reported in monolayer

equivalents (MLE). Here, 1 MLE corresponds to the

experimental saturation coverage of the first adsorbate

overlayer on clean Au(111) surface. Methanol (99.9 %,

purity), ethanol (99.8 %, purity), n-propanol (99 %, purity)

methyl formate (99 %, purity), methyl acetate (99.8 %,

purity), and ethyl acetate (99.7 %, purity) were purchased
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from Sigma-Aldrich and were further purified via freeze–

pump–thaw cycles.

3 Results and Discussion

Due to the weak interaction between the Au(111) surface

and the oxygenate molecules investigated in the current

work, the relevant potential energy surfaces (PES) are

expected to reveal several closely spaced, shallow minima

[30, 56]. As it is computationally prohibitive to fully

explore the PES and locate the global minimum, in our

DFT investigation a restricted number of initial configu-

rations were identified and subjected to geometry opti-

mization. The alcohols were initially placed at an on-top

location, with the oxygen of the hydroxyl group directly

above a surface Au atom. The esters were instead initially

positioned such that the O atom of the –C–O–C– func-

tionality is in correspondence of a bridge site on the sur-

face. These initial locations were previously identified as

preferred adsorption sites for a subset of the adsorbates

[57–62]. Parallel and perpendicular initial orientations

were considered for both coverages. Upon structural opti-

mization, at the lower coverage of 1/9 ML, the adsorbates

were observed to experience only small deviations from

their initial configurations. On the other hand, at the higher

coverage of 1/4 ML, the optimized adsorption configura-

tions were found to deviate significantly from the starting

geometries. In particular, conformationally flexible mole-

cules such as MA and EA were observed to undergo large

reorientations and structural rearrangements. Initially par-

allel geometries reoriented in tilted configurations with

respect to the surface while initially perpendicular

geometries reoriented themselves nearly parallel to the

gold surface. This indicates that at this high coverage,

intermolecular interactions play a key role in determining

the final adsorption geometry, and can potentially affect the

relative stability of the adsorbates, as shall be discussed

further in the text.

Figures 1 and 2 display the optimized adsorption

geometries of the currently investigated alcohols and esters

for the 1/9 ML coverage respectively. The Au–O and Au–

H distances reported in the figures represent the shortest

distances from the adsorbates to the Au(111) surface.

Fig. 1 Adsorption geometries

of CH3OH, CH3CH2OH and

CH3CH2CH2OH on Au(111) for

the 1/9 ML surface coverage in

parallel (top panels) and

perpendicular (middle panels)

orientations. Side views for

perpendicular adsorption

geometries are shown on the

bottom panels. The shortest

distances between the molecules

and the surface are also reported
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Table 1 lists the calculated adsorption energies of the

investigated oxygenates where the lateral intermolecular

interaction contributions are given in parentheses. For the

1/4 ML adsorbate coverage, we only report adsorption

energies of parallel configurations in Table 1, since the

initially perpendicular configurations relax to parallel

configurations as mentioned above, and displayed in Fig. 3.

The calculated isotropic polarizabilities (1/3 of the trace of

the polarizability tensor) and dipole moments of the gas

phase oxygenates are instead collected in Table 2.

We first focus on the vdW-DF results for the 1/9 ML

coverage. For all of the alcohols and the esters considered,

adsorption energies for the parallel configurations increase

monotonically with increasing molecular weight. This

trend is also generally observed for the perpendicular ori-

entation of the adsorbates, with the exception of EtOH and

n-PrOH, for which a similar stability is predicted. Fur-

thermore, perpendicular adsorption geometries are found to

be relatively less stable than the corresponding parallel

configurations by ca. 5.0–15.0 kJ/mol (*50–150 meV). At

this relatively low coverage, the lateral adsorbate–adsor-

bate interactions play only a minor role, and the energetics

of adsorption is determined to a large extent by the affinity

of a single and a rather isolated adsorbate molecule to the

surface.

Intermolecular interactions are, on the other hand, not

negligible at the higher coverage of 1/4 ML, and tend to

stabilize adsorption geometries that are markedly different

from those observed at the lower 1/9 ML coverage. For all

three alcohols, the adsorption configuration is a tilted

geometry with the O atom pointing towards a surface Au

atom. For n-PrOH, geometry relaxation involves a rotation

in the plane parallel to the surface and slight distortions of

the molecular backbone. MA relaxes through rotations of

the CH3 groups around the C–C and C–O bonds while in

the case of the more flexible EA, the configuration of the

adsorbed species at the higher coverage strongly deviates

from that of the isolated gas-phase species. It is worth

mentioning that trends observed for the magnitude of the

intermolecular interactions at the higher coverage of 1/4

ML are parallel to the polarizability trends presented in

Table 2, revealing the significance of dispersion interac-

tions which tend to increase with increasing polarizability.

On the other hand, such a monotonic trend between the

Fig. 2 Adsorption geometries

of HCOOCH3, CH3COOCH3

and CH3COOCH2CH3 on

Au(111) for the 1/9 ML surface

coverage in parallel (top panels)

and perpendicular orientations

(middle panels). Side views for

perpendicular adsorption

geometries are shown on the

bottom panels. The shortest

distances between the molecules

and the surface are also reported
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calculated dipole moments and corresponding intermolec-

ular interactions are not visible.

Desorption energies from the Au(111) surface were also

studied experimentally by employing the TPD technique.

Consistency between the mass spectroscopic fragmentation

patterns of the investigated molecules before dosing the

oxygenates onto the Au(111) surface and that of the des-

orbing species clearly indicates that all of the currently

investigated molecules adsorb/desorb in a molecular (i.e.

non-dissociative) fashion. TPD spectra of methanol

adsorbed on clean Au(111) surface are shown in Fig. 4a.

The spectra presented here are in very good agreement with

the results provided in a former report [63]. The desorption

maximum located at 155 K reveals 1st order desorption

kinetics and corresponds to the methanol molecules on the

first monolayer of the overlayer that is in direct contact

with the Au(111) surface. Convergence of the intensity of

this desorption feature with increasing MeOH exposures

indicates the saturation of the first adsorbate overlayer.

Integrated desorption signal of this saturated TPD peak was

used for the experimental estimation of the adsorbate sur-

face coverage and this integrated signal was assigned to be

1 MLE. It can be noted that the desorption signals located

within 120–150 K do not converge to a saturation value, as

these weakly-bound states are associated with multilayer

adsorption. It is worth mentioning that the coverages in the

TPD experiments cannot be directly compared to cover-

ages used in the current DFT calculations. In the TPD

experiments, 1 MLE adsorbate coverage corresponds to the

experimental saturation coverage of the first adsorbate

overlayer observed on the Au(111) surface before the

appearance of the second adsorbate overlayer (i.e. corre-

sponding to less than an adsorbate per surface atom); while

in the DFT calculations, 1 ML surface coverage is defined

as the number of adsorbate molecules per surface Au atom

on Au(111).

These general desorption characteristics are also valid for

the EtOH adsorption on Au(111), shown in Fig. 4b. It is seen

that the first monolayer desorption maximum for the EtOH/

Au(111) appears at a higher temperature (i.e. 190 K) than

that of the MeOH/Au(111) case. As mentioned in the foot-

note of Table 1, the Tmax value measured in the current

experiments for the first monolayer of the EtOH/Au(111)

adsorption system is slightly higher than that of a previous

measurement in the literature (175 K) [11, 26]. This minor

discrepancy can be associated with a contribution from

background H2O adsorption/desorption (m/z = 18) which

also reveals itself as a minor ethanol desorption peak (ten-

tatively associated with the desorption of the C2H5OH�xH2O

phase) at 150 K accompanied by water desorption at the

same temperature. In the current experiments, we utilized

EtOH with a purity greater than 99.8 %, which was purified

further with freeze–pump–thaw cycles. However, even after

this purification protocol, the presence of a minor amount of

water can still be detected at high ethanol coverages due to

the high sensitivity of the TPD technique. Furthermore,

desorption of the EtOH multilayers were observed in the

range of 160–180 K.

In an analogous fashion, TPD spectra of n-PrOH des-

orbing from the Au(111) surface are presented in Fig. 4c

and are in very good agreement with the literature [64].

The monolayer desorption peak of n-PrOH located at

197 K also demonstrates first-order desorption kinetics as

in the case of MeOH/Au(111) and EtOH/Au(111) systems.

In a subsequent set of TPD experiments, industrially

relevant products of the alcohol oxidative coupling reac-

tions (i.e.MF, MA, EA) were investigated in a comparative

manner. TPD spectra of the corresponding experiments are

Table 1 Calculated adsorption energies (in kJ/mol) of the oxygenates

on Au(111) for 1/4 and 1/9 ML surface coverages along with the

experimental TPD adsorption/desorption energies at saturation

coverage. The numbers in parentheses correspond to the contribution

of the intermolecular interactions to the total computed adsorption

energies. Negative values correspond to repulsive interactions

DFT-DF 1/9 ML DFT-DF 1/4 ML TPD

Parallel Perpendicular Parallel (Experimental)a

MeOH 34.5 (0.4) 25.7 (2.0) 36.3 (7.2) 40.4

EtOH 42.2 (0.3) 37.1 (-0.9) 50.3 (13.3) 49.8, 45.8b

n-PrOH 49.3 (-1.3) 35.2 (-2.0) 61.3 (18.4) 51.7

MF 37.0 (-0.8) 30.4 (1.9) 47.8 (12.9) 38.2

MA 48.1 (5.8) 38.2 (0.2) 56.6 (21.3) 43.6

EA 60.0 (4.9) 46.3 (2.6) 61.5 (25.7) 49.5

a Experimental desorption energies were calculated using the Redhead method [65] utilizing the corresponding Tmax values observed for the first

monolayer in the TPD data
b An alternative value of 45.8 kJ/mol can also be derived from the TPD data reported in [11, 26] revealing a EtOH/Au(111) monolayer

desorption maximum at 175 K
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shown in Fig. 5. As in the case of alcohols, all esters were

found to adsorb/desorb on/from the Au(111) planar model

catalyst surface in a reversible and molecular fashion

without any indication of dissociation. The first-monolayer

desorption peaks for MF, MA and EA were observed at

147, 167, and 189 K; respectively. Unsaturated desorption

peaks seen in Fig. 5 at lower temperatures are associated

with multilayer desorption states revealing zeroth-order

desorption kinetics.

Redhead method [65] can be used to calculate the des-

orption energies of the adsorbates originating from the first

monolayer on Au(111) following first-order desorption

kinetics. Corresponding desorption energies (DEdesÞ can be

estimated using Eq. (3) given below [66]:

DEdes ¼ RTmax ln
m1Tmax

b
� ln

DEdes

RTmax

� �
; ð3Þ

Fig. 3 Adsorption geometries

(top and side views) of CH3OH,

CH3CH2OH, CH3CH2CH2OH,

HCOOCH3, CH3COOCH3 and

CH3COOCH2CH3 on Au(111)

for the 1/4 ML coverage. The

shortest distances between the

molecules and the surface are

also reported in the figure

Table 2 B3LYP/aug-cc-pVTZ

isotropic polarizabilities, a, and
dipole moments, l, of the gas

phase molecules

a (Å3) l (D)

MeOH 3.20 1.66

EtOH 5.33 1.58

n-PrOH 7.23 1.48

MF 5.12 1.97

MA 6.92 1.92

EA 8.80 2.11
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where Tmax is the temperature maximum of the 1st order

desorption peak, and b is the heating rate (1 K/s). The pre-

exponential factor m1 in the current calculations is esti-

mated to be 1013 s-1. The last term in the right hand side of

Eq. (3) (i:e:ln DEdes

RTmax
) was approximated to be 3.64 [66]. Note

that for very low adsorbate coverages, experimentally

observed TPD profiles given in Figs. 4 and 5 reveal a

minor high-temperature tail which is most likely due to the

preferential adsorption on surface defects rendering them-

selves as strong adsorption sites. These strong adsorption

(i.e. defect) sites are not representative of the regular

Au(111) terraces. Hence for the further analysis of the

experimental TPD results via Redhead analysis, we utilized

desorption maxima corresponding to the higher coverages

of the first adsorption layer revealing first-order desorption

kinetics.

Figure 6 is a concise comparison of our theoretical

adsorption energies for 1/9 and 1/4 ML coverages with

experimental desorption energies. In spite of the difficulties

associated with matching experimental surface coverages

to those theoretically imposed, we find good agreement

between the DFT and TPD results. An exception to this is

EA, for which the DFT adsorption energy overestimates

the TPD value for both coverages. For the smallest alcohols

(MeOH and EtOH), the DFT adsorption energies for the

1/4 ML coverage are in better accord with the TPD results

while for the remaining, larger molecules, the adsorption

energies calculated for the 1/9 ML coverage are closer to

Fig. 4 TPD spectra

corresponding to increasing

surface coverages of a CH3OH,

b CH3CH2OH, and

c CH3CH2CH2OH dosed on

clean Au(111) at 90 K

Fig. 5 TPD spectra

corresponding to increasing

surface coverages of

a HCOOCH3, b CH3COOCH3,

and c CH3COOCH2CH3 dosed

on clean Au(111) at 90 K
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the experimental values. This is consistent with the

expectation that the saturation coverage in the experiments

for the smaller molecules are more likely to correspond to a

larger number of molecules per surface unit cell.

At large separations, the noncovalent interactions

between neutral systems are dominated by electrostatic and

dispersion forces. The dispersive portion can only be cor-

rectly handled by exchange–correlation functionals with

the correct long-range behavior such as DFT-DF [41].

According to classical point-dipole models for the

adsorption of polar molecules, lateral interactions are

repulsive in the case of perpendicular orientation with

respect to the underlying surface and attractive when the

orientation is parallel. In the case of tilted dipoles, the

sense of the interaction depends on the tilt angle [67].

While the lateral dipole–dipole interaction in the point-

dipole model has been demonstrated to match PBE

adsorption energies for various polar molecules for inter-

molecular separations as small as 2 Å, the adlayer-surface

interaction presents difficulties, including the ambiguity

associated with choosing the mirror plane [67, 68].

Nonetheless, the model agrees with PBE results within a

few meV for molecule-distance separations as small as 4 Å

[68]. Even if for polarizable dipoles, the separation

between dipole–dipole and dipole-image dipole contribu-

tions is less clear-cut, we used a separate set of single-point

PBE calculations using the DFT-DF optimized geometries

of the adsorbed overlayers in an attempt to estimate the

relative contributions of each of the two electrostatic terms.

An inspection of the intermolecular interaction contribu-

tions and adhesion energies of the overlayers reveals that

for all species considered (with the exception of MA and

EA in the parallel adsorption configuration), the lateral

interaction is repulsive in the 1/9 ML coverage. For the 1/4

ML coverage, on the other hand, the interaction is weak but

attractive. This indicates that a large portion of the mostly

attractive lateral interaction between the molecules is due

to dispersion. The electrostatic adlayer-surface interaction

is instead attractive for all cases and is largely independent

of coverage. Moreover, even if the adhesion energy is

significantly larger for the alcohols compared to the esters,

the largest contribution to interaction is due to dispersion

rather than electrostatics.

A general assessment of the relative experimental and

theoretical desorption energies of esters (i.e. products of

oxidative coupling reactions) in comparison to the corre-

sponding alcohols suggests that the esters have similar or

even slightly lower desorption energies than their relevant

alcohols. This is an important finding in the context of

catalyst selectivity and may, in part, be due to the weaker

electrostatic surface-adsorbate interaction calculated for

esters.

For all molecules considered, the calculated adsorption

energies are greater for the 1/4 ML coverage compared to

1/9 ML. This is also supported by the TPD data given in

Fig. 5 revealing that the Tmax values for lower coverages

are ca. 3 K lower than the Tmax values at the saturation of

the first monolayer, suggesting the strengthening of the

adsorption energy with increasing coverage.

The increase observed in the intermolecular interaction

(top portion in Fig. 6) for the 1/4 ML coverage with

increasing chain length for both alcohols and esters is

mostly due to dispersion interactions as the lateral dipole–

dipole interactions are small. The underlying reasons are

expected to be decreasing intermolecular distance and

increasing polarizability with increasing molecular size.

The intermolecular interactions currently computed can

exceed one-third of the total adsorption energy at the 1/4

ML adsorbate coverage.

Figure 6 further suggests that, for all molecules, when

the lateral interaction component is disregarded, the 1/4

ML coverage yields slightly smaller adsorption energies

than those calculated for the 1/9 ML coverage (the lower

portions of the columns in Fig. 6). This can possibly be

related to the observation that the contact area between the

molecules and the surface is smaller in the higher coverage

due to rotation of the molecules into a tilted configuration,

reducing the overlap of electronic densities. It is thus

apparent that disregarding intermolecular interactions may

lead to discernable changes in the rankings of the compu-

tationally obtained relative adsorption strengths. For

instance, without the contribution of intermolecular inter-

actions at the 1/4 ML adsorbate coverage, computationally

calculated adsorption energies are almost the same

(*35 kJ/mol) for MF, MA and EA, while this trend

Fig. 6 Adsorption energies of the investigated oxygenates on the

Au(111) model catalyst surface for the 1/9 ML parallel (left columns)

and 1/4 ML parallel (middle columns) configurations and the

corresponding experimental values (right columns). The top portion

of the bars represents the intermolecular interaction contribution to

the adsorption energy. Downward arrows indicate those cases where

the intermolecular interaction energy is negative
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changes significantly when the energy of intermolecular

interactions are included.

The contribution of the interaction between the surface and

the molecule to the total adsorption energy of the species

reveal a well-defined trend for the lower coverage of 1/9 ML.

At this coverage, the intermolecular interactions are minimal

and therefore the adsorption energy directly reflects the

magnitude of the molecule-surface interaction. For all alco-

hols and esters, the surface-molecule interaction increases as a

function of chain length. As discussed above, the electrostatic

contribution to this energy for alcohols may be significant.

However, this contribution appears to decrease with increas-

ing molecular size and therefore the contribution setting this

trend is then once again dispersive forces.

4 Conclusion

In the current work, Au(111) single crystal surface was used

to study the adsorption behavior of alcohols and esters in a

comparative manner via TPD experiments and DFT calcu-

lations in association with oxidative coupling reactions. All

oxygenates used in the current study (i.e. CH3OH, CH3-

CH2OH, CH3CH2CH2OH, HCOOCH3, CH3COOCH3 and

CH3COOCH2CH3) were found to adsorb non-dissociatively

on Au(111) at 90 K and desorb from the surface reversibly

in a molecular fashion. The trends uncovered in the

adsorption/desorption energies as a function of coverage and

chain length were explained by identifying the contributions

from the different flavors of van der Waals forces, which

were proven to be crucial in the catalytic selectivity of the

surface in partial oxidation processes. Experimental

adsorption/desorption energies of the investigated esters are

slightly lower than those of the alcohols from which they

originate through oxidative coupling reactions. This could

be an indication of the selectively of the Au(111) surface,

allowing facile removal of partial oxidation products

immediately after their generation and preventing their

complete oxidation to higher oxygenates.
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