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ARTICLE INFO ABSTRACT

Keywords: The surface chemistry of octanoic acid was studied on a copper foil or a Cu(100) single crystal in ultrahigh
Octanoic acid vacuum using reflection-absorption infrared spectroscopy, temperature-programmed desorption, and supple-
Cu(100)

mented by first-principles density functional theory (DFT) calculations. Octanoic acid adsorbs molecularly at 90
K, converting from a flat-lying species at low coverages to a more upright species at saturation. Adsorption at
300 K results in the formation of an n%-octanoate species, which binds with the alkyl group parallel to the surface
with a tilted carboxylate group, as evidence by both infrared data and calculations. The flat-lying structure fa-
cilitates octanoate decomposition, which reacts by desorbing carbon dioxide at ~550 K. Increasing the octanoate
coverage induces the alkyl chains to be more perpendicular to the surface to form a self-assembled monolayer
with significant intermolecular van der Waals’ interactions. This stabilizes the adsorbate, which now decomposes
by desorbing carbon dioxide at ~640 K, where infrared spectroscopy confirms that this also occurs by the
carboxylate tilting towards the surface. The resulting heptyl species can either decompose by desorbing hydrogen

Temperature-programmed desorption
Infrared spectroscopy

Density functional theory calculations
Scanning tunneling microscopy

or can also polymerize on the surface.

1. Introduction

Self-assembled monolayers (SAMs) [1-7] and, in particular,
long-chain carboxylic acids have been used as so-called boundary lu-
bricants [8-12], which bind strongly to the surface to prevent adhesion
between the contacting interfaces, thereby lowering friction [13]. At
high enough loads, carboxylic acids can tribochemically decompose
under shear to form a lubricious, carbon-containing film [14-17].
Because it is challenging to study the surface chemistry occurring at a
solid-solid interface to provide experimental information on the reaction
pathways, it is often necessary to resort to theoretical methods to pro-
vide insights into the tribo/mechanochemistry. Thus, the mechanism of
this tribochemical reaction has been investigated using molecular dy-
namics (MD) simulations of carboxylic acids that contain vinyl groups
located at various positions in the chain. The results of the simulations
suggest that vinyl-group containing carboxylic acids can simultaneously
bind to both faces of the contact, resulting in very high forces being
exerted on the linked molecule to induce it to tribochemically decom-
pose. Of particular interest is that the cis and trans conformations of
these carboxylic acids show different tribochemical activities, presum-
ably because of steric constraints [18].

Recently it has become possible to investigate the reaction pathways
at the solid-solid interface in ultrahigh vacuum [19-30] by measuring
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the friction forces and the gas-phase species evolved while rubbing, and
by monitoring the surface using Auger spectroscopy. These studies are
facilitated by comparing the results with the thermal chemistry and by
using first-principles density functional theory (DFT) calculations to
gain insights into the surface reaction pathways and their energetics. Of
relevance to studying the surface chemistry of longer-chain fatty acids,
we have studied the shear-induced tribochemistry of acetic acid on
copper [31], which has been shown previously to bind to the surface by
forming a carboxylate species [32,33] with the methyl-carboxylate bond
being normal to the surface [31]. The acetate species thermally
decompose on copper by the plane of the acetate species tilting towards
the surface and reacting to form adsorbed methyl species and evolve
carbon dioxide gas when the temperature reaches ~590 K. This pathway
was confirmed by DFT with a calculated activation energy that was in
good agreement with experiment [31]. This reaction rate is tribologi-
cally accelerated by sliding so that a reaction that is thermally induced at
~590 K, now occurs at 300 K. However, since the acetate species are
randomly azimuthally oriented on the surface, forces not only act in a
direction perpendicular to the plane of the adsorbed acetate to push it
towards the lowest-energy transition state, but can also be directed
within the acetate plane. This induces the n%-acetate species to also tilt,
but to now form an nl-acetate. The activation barrier for acetate
decomposition via this pathway is slightly higher than that for the
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lowest-energy mechanism and the n'-acetate decomposes to form car-
bon monoxide and adsorbed oxygen.

Similar surface chemistry experiments on longer-chain carboxylates
will provide insights into the influence of vinyl groups in the chain and
test the “molecular bridging” hypothesis outlined above. The thermal
chemistry of 7-octenoic acid has been studied on copper using a com-
bination of reflection-absorption infrared spectroscopy (RAIRS), X-ray
photoelectron spectroscopy (XPS), temperature-programmed desorp-
tion (TPD) and scanning tunneling microscopy (STM). The analysis of
the results was facilitated using first-principles density functional theory
(DFT) calculations [34]. In addition, some previous work has also been
carried out on other carboxylic acids adsorbed on copper using
near-edge X-ray adsorption spectroscopy (NEXAFS) on Cu(111), where
the structure was found to depend on the chain length [35,36]. The
deprotonation kinetics of carboxylic acids on copper have been inves-
tigated by using fluorine-modified chains [37] and studies of the
decomposition of isotopically labeled carboxylic acids have shown that
the reaction is initiated by the removal of carbon dioxide from the
carboxylate group [38].

The following investigates the adsorption of an alkyl-terminated
carboxylic acid, octanoic acid, on a clean and annealed copper foil,
supplemented by STM experiments on Cu(100). A copper foil, rather
than a single crystal, was chosen as the substrate because tribological
experiments will subsequently be carried out on this sample. Rubbing
causes surface damage so that the use of single crystals is prohibitively
expensive. However, it has been shown that these cleaned and vacuum
annealed copper foils exhibit sufficient order to display distinct (100)
low-energy electron diffraction (LEED) patterns [39].

2. Experimental methods

Experiments were carried out in UHV chambers operating at base
pressures of ~ 2.0 x 107! Torr after bakeout. Infrared spectra were
collected using a Bruker Vertex 70 infrared spectrometer using a liquid-
nitrogen-cooled, mercury cadmium telluride detector as described pre-
viously [40]. The surface was exposed to octanoic acid using a Knudsen
source prior to collecting the infrared spectra. Temperature-dependent
infrared experiments were performed by precisely controlling the sam-
ple temperature [34], which was monitored by means of a chromel/a-
lumel thermocouple attached to the edge of the copper foil. The effective
heating rate for these experiments was ~0.08 K/s and thus enabled
infrared spectra to be collected continuously under almost isothermal
conditions. TPD experiments were carried out using a Dycor M200M
quadrupole mass spectrometer as described previously [34]. The foil
was dosed using various exposures of octanoic acid at 300 K and tem-
perature was ramped at a rate of 5 K/second for each experiment.
Octanoic acid coverages were measured from carbon/copper
peak-to-peak ratios in Auger electron spectroscopy (AES).

The copper foil sample was prepared by mechanically polishing
using sandpapers of increasingly fine grit until flat. This was followed by
polishing using polycrystalline diamond paste in descending size until
1pm and resulted in a visibly smooth surface under a microscope. The
foil was cleaned using a standard procedure that consisted of Ar™
bombardment with subsequent annealing to 850 K for 10 min. Ar"
bombardment was performed at a background gas pressure of ~3.0 x
1075 Torr at a 2 kV potential, while maintaining a ~2 uA sample current.
The Cu(100) single crystal used in the STM experiments was cleaned by
Ar" bombardment for 30 min. This was followed by annealing at 875 K
for 30 min. This cleaning procedure was repeated until the sample was
found to be clean by AES.

Octanoic acid (Sigma-Aldrich Chemicals, >99 % purity) was purified
using several freeze-pump-thaw cycles and its cleanliness was judged by
mass spectroscopy. Molecules were dosed using a Knudsen source with
an attached tube of 3.2 mm internal diameter placed in close proximity
(~3 cm) to the front of the sample. Exposures reported in this study are
in units of Langmuirs (1 L =1 x 10 Torr s) and the exposure values
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were not corrected for ionization gauge sensitivities.

The octanoic acid binding structures were calculated using periodic
density functional theory (DFT) using the projector augmented wave
(PAW) method as implemented in the Vienna ab-initio simulation
package (VASP) code [41-43]. The exchange and correlation energies
were calculated using the PBE3 (Perdew, Burke and Ernzerhof [44])
form of the generalized gradient approximation (GGA). The kinetic en-
ergy cutoff for all calculations was 400 eV. The wavefunctions and
electron density were converged to within 1 x 107> eV whereas geo-
metric structures were optimized until the forces on the atoms were less
than 0.01 eV/A. Van der Waals interactions were implemented using the
DFT-D3 method as described by Grimme et al [45]. The Brillouin zone
was sampled using a I'-centered Monkhorst-Pack (6 x 6 x 1) k-point
mesh for (2 x 2) unit cell structures, (3 x 3 x 1) for (4 x 4) structures,
and (2 x 2 x 1) for the (6 x 6) structures. The surfaces were separated by
29 A and the bottom two copper layers were kept frozen for all calcu-
lations. The Cu(100) lattice constant used was 3.63 A.

3. Results

Surface analyses of octanoic acid were performed on an annealed
copper foil using RAIRS, TPD, and by STM on a Cu(100) single crystal.
RAIRS experiments were carried out by exposing a polished copper foil
to octanoic acid at 90 K and the results are displayed in Fig. 1A as a

Octanoic Acid uptake on Cu foil at 90K
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Fig. 1. (A) Infrared spectra collected using a resolution of 4 cm™' for the
adsorption of octanoic acid on Cu(100) at a sample temperature of 90 K as a
function of exposure on Langmuirs (L), where the exposures are displayed
adjacent to the corresponding spectrum. (B) The ratio of the integrated absor-
bances of the CO and CH modes as a function of exposure, in Langmuirs (L). The
statistical measurement errors in the ratios are ~1% of the signals and are
within the size of the symbols on the graph.
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function of exposure, where the exposures (in Langmuirs) are displayed
adjacent to the corresponding spectra. At low exposures, the observed
vibrational frequencies are assigned as follows: 1716 cm™! (carbonyl
mode), 1415 em™! (O-H bending vibration), CH stretching modes at
2955, 2928 and 2856 cm ™~ '. The presence of the O-H bending vibration
indicates that octanoic acid adsorbed on copper at low temperatures
remains in its molecular form [46]. At higher coverages, a broad feature
appears between 2500 and 3200 cm ™! and indicates the formation of
hydrogen-bonded dimers between neighboring COOH groups [47]. The
ratios of the integrated absorbances of the octanoic acid CO and CH
modes are plotted in Fig. 1B. This ratio increase rapidly at the lowest
coverages from ~1.75 for initial adsorption to a value of 2.75 at an
exposure ~2.1 to 3.8 L. The ratio slowly decreases with increasing
exposure to a plateau at a value of ~1.75 for exposures larger than 28 L.
Previous work on 7-octenoic acid on copper shows similar behavior,
with a peak in the plot of the ratio of CO to CH modes reaching a
maximum at ~2 L [34], corresponding to the completion of the first
monolayer.

The effect of heating the octanoic acid multilayer formed by an
exposure of 61 L, corresponding to a multilayer for ~30 ML thick, is
shown in Fig. 2A, where the annealing temperatures are displayed
adjacent to the corresponding spectra. The carbonyl stretching modes
are shown in Fig. 2B and the peak positions remain unchanged as the
sample is heated up to 169 K. Upon annealing to 180 K, the carbonyl
vibrations sharpen and shift to lower frequency. This shift is
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Fig. 2. (A) Infrared spectra collected using a resolution of 4 cm~! for the
adsorption of octanoic acid on Cu(100) at a sample temperature of 90 K heated
to various temperatures, where the temperatures are displayed adjacent to the
corresponding spectrum. (B) Spectra showing the carbonyl modes and (D)
Spectra showing the CH mode stretching modes in greater detail.
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accompanied by sharpening of the CH stretching modes between 2800
and 3000 cm ™! (Fig. 2C) and the appearance of a sharp peak at 939 em™?
(Fig. 2A). The broad OH mode between 3200 cm ! and 2500 cm ™! starts
to disappear over this temperature range. These changes indicate that
the multilayer is becoming more ordered as the dimers dissociate at
higher temperatures. The loss of intensity of all IR modes when
annealing to temperatures above 246 K indicate that the multilayer has
begun desorption. The spectrum obtained by heating to 251 K shows a
broad OH peak at 3215 cm™}, indicating that the remaining surface-
bound monolayer octanoic acid has a portion of its species that has
not been deprotonated. The peaks at 1425 and 1408 cm™! are assigned
to adsorbed carboxylate groups [31,32,34] and indicate that a portion of
the octanoic acid deprotonates on the surface and the surface infrared
section rules [48], which indicate that only modes with a vibrational
component perpendicular to the surface are detected, show that the COO
group has a component of the vibration that is perpendicular to surface.

The infrared spectra obtained for octanoic acid adsorbed on copper
at 300 K are shown in Fig. 3A. The peak centered at 1423 cm™! is
assigned to the COO symmetric stretching mode. The variation in the
integrated intensities of the COO (a) and CHj stretching modes (I, @) is
plotted versus exposure in Langmuirs in Fig. 3B. The resulting integrated
absorbance ratios are shown in Fig. 3C. The surface infrared section
rules [48] indicate that the observed intensity variation implies that
there is a change in molecular orientation as the coverage increases with
exposure up to ~2 L. This is taken to correspond to the octanoic acid
exposure that saturates the copper surface and the COO vibrational
frequency at this coverage (1425 cm 1) is close to that found for
bidentate acetate species on Cu(100) [31,32], indicating that octanoic
acid also deprotonates and binds to the surface as a bidentate
carboxylate.

The effects of heating the octanoate monolayer on copper are
investigated by RAIRS (Fig. 4A) and TPD obtained by monitoring 44
amu (Fig. 4B, CO2) and 2 amu (Fig. 4C, Hp) at a heating rate of 5 K/
second. The RAIR spectra were collected continuously at a rate of 0.08
K/second. The relative coverages for the TPD experiments were esti-
mated from the C(KLL)/O(KLL) peak-to-peak Auger ratios normalized to
the ratio at saturation. Fig. 4A shows the temperature dependence of the
1425 cm ! feature (COOsyn, stretch) and the corresponding appearance
of the 1490 cm ! peak (COOgsym stretch), which commences by 415 K.
The infrared surface selection rules [48] indicate that the change in ratio
of these modes is due to the octanoate species starting to tilt towards the
surface.

Fig. 4B shows an intense 44 amu (CO5) peak that is centered at 645 K
indicating thermally-induced decarboxylation of the adsorbed octanoate
species. A small shoulder at lower temperatures (centered at 525 K) is
evidence that decarboxylation is facilitated at low octanoate coverages.
A 2 amu peak (Fig. 4C), with a main feature that is also centered at 645
K, grows with increasing coverage. This indicates that the resulting
heptyl group decomposes rapidly once it is formed. As the coverage
approaches saturation, an additional, higher-temperature shoulder ap-
pears centered at 700 K, as well as a lower-temperature peak centered at
570 K.

Fig. 5 shows STM images of the saturated octanoic acid monolayer on
copper after heating to 850 K and cooling to 300 K to collect the images.
It is observed that the octanoic acid forms polymer-like decomposition
products on the Cu(100) surface, similar to those found previously for
the decomposition of 7-octenoic acid on copper [34]. These polymers
are present not only on the terraces, but also appear to agglomerate
towards step edges as illustrated in Fig. 5 by black arrows. It is also
observed that these polymer-like products have large regions that could
be forming macrocyclic products or folded alkyl chains as illustrated by
white circles in Fig. 5. Fig. 5C and D are scans of the same area taken 17
minutes apart showing that the carbonaceous overlayers are very stable
on the surface.
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4. Discussion

DFT calculations were carried out to assist in analyzing the experi-
mental results and the low-coverage structure is depicted in Fig. 6,
where Fig. 6A shows the side view and Fig. 6B shows the top view of the
adsorbed octanoate and illustrates that large intermolecular spacing
used in the calculation. This shows that the most-stable, low-coverage
configuration is when the alkyl chain interacts with the copper surface
via van der Waals’ interactions to lie parallel to the surface. This causes
the plane of the carboxylate to tilt to enable the chain to access the
surface. Note that the resulting in-plane tilting of the carboxylate group
leads to carboxylate decomposition and the evolution of carbon dioxide
and the deposition of only carbon on the surface [31,33]. The heat of
adsorption measured from the difference in energy of the adsorbate plus
the substrate and the sum of the energies of the clean slab and the iso-
lated molecule is -398 kJ/mol. This indicates that the van der Waals’
surface interactions are relatively strong [26].

Figs. 7 A to C show the octanoate structures at higher coverages with
the COO plane oriented perpendicular to the surface. Because of the
tetrahedral structure around the carbon, this leads to a tilted alkyl chain
and a low-coverage binding energy (Fig, 7C) of -350 kJ/mol (Fig. 7D).
This indicates that the flat-lying species is more stable than the upright
one on copper so that the energy penalty due to tilting of the COO
anchoring group is compensated for by the van der Waals’ interactions
with the surface. The adsorption energy for 7-octenoic acid, which has
the same number of carbons as octanoic acid but has a terminal vinyl

group, is ~411 kJ/mol so that the n-orbital binding to copper is only
slightly stronger than the alkyl van der Waals interactions. Increasing
the octanoate coverage strengthens the binding due to interchain van
der Waals’ interactions with the surface to form a SAM (Fig. 7C).

Infrared spectroscopy indicates that octanoic acid adsorbs as an
intact molecule at 90 K, with a spectrum that is in agreement with that of
the frequencies found for liquid octanoic acid at all coverages (Fig. 1A).
There are, however, changes in the relative intensities of the infrared
features as indicated in Fig. 1B, where the intensity of the carbonyl vi-
bration relative the CH stretching modes depends on the exposure and
increases to reach a maximum between 2.1 and 3.8 L. Since the CH vi-
brations are predominantly due to the methylene stretching modes,
which vibrate perpendicularly to the chain, while the carbonyl will have
a component parallel to the chain, the changes in relative intensity
connote a change in molecular orientation. This indicates that octanoic
acid lies close to flat to the surface at lower coverage, and becomes more
perpendicular as the coverage increases to saturate the first monolayer
to form a SAM at between 2.1 and 3.8 L. By definition, multilayers form
at higher exposures so that molecules become more randomly ordered
within the film, thereby causing a decrease in the CO/CH absorbance
ratio.

The effect of heating this molecular layer is shown in Fig. 2A, where
the carbonyl stretches are displayed in Fig. 2B and the CH modes in
Fig. 2C, as a function of temperature. Annealing the thin films causes it
to order so that the environment around each molecule is much more
uniform to cause the peaks to sharpen and the CO/CH intensity ratio to
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Fig. 4. (A) Infrared spectra collected using a
resolution of 4 ¢cm™! for the adsorption of
octanoic acid on Cu(100) at a sample temper-
ature of 300 K heated to various temperatures,
where the temperatures are displayed adjacent
to the corresponding  spectrum. (B)
Temperature-programmed desorption (TPD)
profiles for the adsorption of octanoic acid on
Cu(100) at a sample temperature of 300 K as a
function of octanoic coverage using a heating
rate of 5 K/s while monitoring (B) 44 and (C) 2
amu, where coverages are displaced adjacent to
the corresponding spectrum.

Fig. 5. Scanning tunneling microscope (STM) images of a saturated overlayer of octanoic acid adsorbed at 300 K on Cu(100). (A) 150 nm x 150 nm image after
heating to 850 K (V;, = -0.75 V, I; = 0.083 nA), (B) 150 nm x 150 nm image after heating to 850 K (V;, = -0.75 V, I, = 0.097 nA) and (C) 100 nm x 100 nm image (V}
=-0.75V, I, = 0.098 nA) image after heating to 850 K, (D) 100 nm x 100 nm image (V};, = -0.75 V, I; = 0.097 nA) of the same region taken 17 min after image C.
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Fig. 6. Most-stable structure of flat-lying octanoic acid on Cu(100) calculated
by density functional theory showing (A) a top view and (B) a side view.

increase. Heating to ~230 K causes a large increase in the absorbance
ratio connoting even greater order of the octanoic acid and there is
evidence for some deprotonation on annealing to ~260 K to create a
COO surface linker group with a bidentate adsorption geometry.

Adsorption of octanoic acid at room temperature leads to the direct
formation of octanoate species on the surface (Fig. 3A), where the
overlayer saturates at ~2 L. The integrated CO/CH intensity ratio
changes as a function of octanoic acid exposure (Fig. 3C), in accord with
the DFT prediction described above, where it forms flat-lying species at
low coverage [5,49], evolving to a more perpendicular orientation at
higher coverages. This tilt of the carboxylate group causes the asym-
metric COO vibration to become infrared allowed [48] and to be
detected at ~1498 cm™!. The symmetric stretch also increases in in-
tensity as the coverage increases, and shifts from ~1408 to 1423 cm™!
due to changes in the COO binding to the surface. When the exposure
reaches ~1.4 to 6.2 L, the peak due to the symmetric stretch has dis-
appeared to leave only a mode a ~1423 cm ™Y, close to the frequencies
found for 7-octenoate (1425 cm_l) [34] and acetate (1437 cm_l) on
copper [32,31].

The reverse effect is evident as the octanoate-covered surface is
heated (Fig. 4A), where a ~1490 cm™" peak appears as the sample is
heated to ~440 K, and the ~1425 cm ™! peak shifts to ~1408 cm™!. This
is ascribed to a dynamic tilting that occurs without any thermal
decomposition (no species desorb at this temperature (see Figs. 4 B and
C)). Similar effects are seen for 7-octenoic acid, which also tilts as the
temperature increases [34]. This indicates that these short-chain
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carboxylic acids are relatively dynamic on the surface. However, they do
not appear to tilt sufficiently to induce decarboxylation until the tem-
perature reaches ~530 K, where some CO» is detected at low coverages
(Fig. 4B). However, only a small portion of CO; is produced at ~530 K at
low coverages, and the remainder desorbs at ~640 K in the major CO,
desorption state. This implies that the octanoate species are not uni-
formly distributed on the surface but rather form patches of crowded
adsorbates that form a SAM, with lower-coverage regions with tilted
species (Fig. 6) that can more easily decompose, while the more crowded
patches react at ~640 K.

Decarboxylation results in the evolution of carbon dioxide in states at
~530 and 640 K to produce an adsorbed heptyl species. The surface
chemistry of alkyl species has been studied on transition-metal surfaces
[50], and copper in particular [51,52], by grafting them on the surface
from iodine-containing precursors. The major decomposition pathway is
a p-hydride elimination reaction that occurs at ~200 to 250 K in TPD,
and is many orders of magnitude faster than o-hydride elimination
processes. Coupling reactions can also occur at ~430 K, so that hydride
elimination and coupling reactions occur at much lower temperatures
than the decarboxylation temperature (~640 K, Fig. 4B). This indicates
that alkyl species are reactively formed in a highly vibrationally excited
state. It is therefore expected that these alkyl decomposition reactions
will occur rapidly, but with different reaction selectivities at higher
temperatures where, by definition, the relative rates of processes that
occur with higher activation energies will be higher. As an example,
alkyl species primarily undergo p-hydride elimination, consistent with
the desorption of hydrogen at ~550 and 640 K indicating that decar-
boxylation is the rate-limiting step for the production of hydrogen in
these states.

To investigate coupling processes, which in the case of octanoic acid
would produce at least C14 chains, STM images were collected of the
surface after reaction of adsorbed octanoic acid on Cu(100) at 850 K
(Fig. 5). Figs. 5 A and B show low-magnification images and Fig. 5 C
shows higher magnifications. This reveals the formation of polymer-like
species but with chains length that are much longer than the value of ~
2 nm expected for C;4 chains. There is a clear tendency for oligomers to
nucleate and grow from step edges and the high-magnification images
suggest either the formation of macrocyclic species or a closely packed
group of folded alkyl chains. Fig. 5D shows the same regions as Fig. 5C,
both collected at room temperature, but obtained 17 min apart. Apart
from some image drift, the images are identical, confirming that the
overlayers formed at high temperatures are stable and immobile at room
temperature.

There is an additional low-temperature hydrogen formation pathway
in a 2 amu peak centered at ~560 K, but not accompanied by the pro-
duction of CO; that is evident for a saturated overlayer of octanoate
species (Fig. 4 C). This must be due to dehydrogenation of the intact
molecule, which could, of course, occur when the adsorbate tilts with
the alkyl group to reaching the surface (Fig. 1). This is presumably least
likely to occur for a saturated overlayer. The low-coverage theoretical
results show that alkyl group interactions with the surface cause the
carboxylate plane to tilt towards the surface, thus facilitating the
decomposition pathway that leads to carbon dioxide formation.

5. Conclusions

The surface chemistry of octanoic acid is studied on a copper foil and
Cu(100) single crystals in UHV after adsorption at 90 and 300 K to un-
derstand the surface structure and reaction pathways as a precursor to
investigating the mechano- or tribochemical reaction pathways. The
surface structure and reaction pathways are investigated using infrared
spectroscopy and TPD, and the surface produced after high-temperature
reaction is imaged by STM.

DFT calculations show that the carboxylate species lies flat on the
surface at low coverages and this adsorbate geometry is confirmed using
infrared spectroscopy. This indicates that the van der Waals’ interaction
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and figure (D) shows the heat of adsorption of octanoic acid as a function of coverage.

between the chain and the surface is sufficiently strong to cause the
carboxylate group to tilt towards the surface. Carboxylates react ther-
mally by the carboxylate group tilting to evolve carbon dioxide,
implying that low-coverage carboxylate overlayers should be reactive,
as evidenced by carbon dioxide desorption at ~550 K. This could be
viewed as a mechanochemical process with the intermolecular forces
between the hydrocarbon chain and the surface serving to accelerate the
reaction.

As the octanoate coverage increases, surface crowding causes the
octanoate to reorient so that the alkyl chains are more perpendicular to
the surface, which causes the decomposition temperature to increase to
~640 K, where the reaction also evolves carbon dioxide. This is
accompanied by the synchronous desorption of hydrogen due to dehy-
drogenation of the reactively formed alky species, and the formation of
polymeric species on the surface. Further evidence for the SAMs
decomposing by the octanoate tilting towards the surface comes from
the detection of asymmetric carbonyl stretching modes that, according
to the surface infrared selection rules, can only appear when the
carboxylate tilt.
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