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Influence of the Terminal Group on the Thermal
Decomposition Reactions of Carboxylic Acids on
Copper: Nature of the Carbonaceous Film

Robert Bavisotto, Resham Rana, Nicholas Hopper, Kaiming Hou and Wilfred T Tysoe *
Department of Chemistry, University of Wisconsin-Milwaukee, Milwaukee, WI 53211, USA

Abstract

The effect of the terminal groups on the nature of the films formed by the thermal decomposition
of carboxylic acids on copper is studied in ultrahigh vacuum using temperature-programmed
desorption (TPD), scanning tunneling microscopy (STM) and Auger electron spectroscopy
(AES). The influence of the presence of vinyl or alkynyl terminal groups and chain length is
studied using heptanoic, octanoic, 6-heptenoic, 7-octenoic, 6-heptynoic and 7-octynoic acids.
The carboxylic acids form strongly bound carboxylates following adsorption on copper at room
temperature, and thermally decompose between ~500 and 650 K. Previous work has shown that
this occurs by the carboxylate plane tilting towards the surface to eliminate carbon dioxide and
deposit a hydrocarbon fragment. The fragment can react to evolve hydrogen or form oligomeric
species on the surface, where the amount of carbon increases for carboxylic acids that contain
terminal functional groups that can anchor to the surface. These results will be used to compare
with the carbonaceous films formed by the mechanochemical decomposition of carboxylic acids
on copper, which occurs at room temperature. This is expected to lead to less carbon being
deposited on the surface than during thermal decomposition.

Keywords: carboxylic acids, Cu(100), temperature-programmed desorption, scanning tunneling
microscopy, self-assembled monolayer
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1. Introduction

Molecules that can form self-assembled monolayers (SAMs) combine a surface anchoring
group, often a thiol,!7 that adsorbs strongly to the substrate, with a long-chain hydrocarbon for
which the intermolecular van der Waals’ interactions impart stability to the film. Their unique
properties have been exploited for many applications > 3 %19 from chemical anchors on
nanoparticles for drug delivery,!! as sensors,'> 13 for molecular electronics,'#!7 or for preventing
adhesion in micro-electromechanical system (MEMS).!® 1 SAM’s formed from carboxylic, or
fatty acids have been used as so-called boundary lubricants 224 by adsorbing strongly to the
surface to prevent adhesion between the contacting surfaces.?> However, the carboxylic SAMs can
also decompose under the influence of sliding shear to form low-friction carbonaceous layers.?6-3

It has been shown previously that C; and Cg carboxylic acids adsorb onto a copper surface at
room temperature by deprotonating to form a carboxylate that binds to the surface through both
oxygens in a bidentate structure. At lower coverages, the hydrocarbon group can interact with the
copper substrate to lay flat on the surface. At higher coverages, the intermolecular van der Waals’
induce an upright geometry with the chain terminus remote from the surface. Finally, the adsorbed
carboxylates thermally decompose to evolve carbon dioxide on heating to above ~600 K.31-38 In
contrast, acetate species on copper mechanically decompose during rubbing at room temperature
39 to either evolve carbon dioxide as in the thermal reaction, or to desorb carbon monoxide and
deposit oxygen on the surface in a shear-induced reaction pathway.

Since mechanochemical reactions are induced at lower temperatures by sliding than the
thermal reaction, it might be expected that the interaction of the terminus of the hydrocarbon chain
with both the substrate as well as the nature of the sliding counterface might influence the

reactivity.*? As a basis for ultimately exploring these effects, the goal of this work is to study the
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thermal reaction pathways of a number of carboxylic acids adsorbed on copper with different alkyl,
vinyl, or alkynyl terminal groups with a particular focus on the influence of the terminal groups
on the nature of the carbonaceous overlayer. These results will enable the chemistry of the
thermally and mechanically formed films to be compared. Presented here are experiments carried
out using heptanoic and octanoic acids as example of alkyl-terminated SAMs, 6-heptenoic and 7-
octenoic acids for vinyl-terminated SAMs, and 6-heptynoic and 7-octynoic acids as acetylide-
terminated molecules.

The surface chemical reactions are investigated using temperature-programmed desorption
(TPD), scanning tunneling microscopy (STM) and Auger electron spectroscopy (AES). A clean
copper foil was used for the TPD and AES experiments to more closely compare to subsequent
tribological studies, where use of single crystals would be prohibitively expensive. STM

experiments were carried using a Cu(100) single crystal.

2. Experimental

Experiments were carried out in UHV chambers operating at base pressures of ~2.0x101° Torr
after bakeout. TPD experiments were carried out using a Dycor M200M quadrupole mass
spectrometer, which was enclosed in a metal shield to prevent signals from the sample supports
from reaching the mass spectrometer. The C; and Cg carboxylic acids, which have relatively low
vapor pressures, were dosed from a Knudsen source. The exposure duration was varied for each
acid, allowing different surface coverages to be obtained. The coverage of each carboxylic acid
was measured from carbon/copper peak-to-peak ratios in the Auger spectra and subsequently
compared with the carbon/copper peak-to-peak ratio of the carbon-covered surface produced after

the TPD experiments. The temperature was ramped at a rate of 5 K/second for each experiment
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and AES spectra were taken immediately after heating. The sequential TPD and AES experiments
were performed in the same manner, but the sample was allowed to cool to room temperature
before exposure to the carboxylic acid. It is important to note that each of these experiments was
performed without cleaning the sample between experiment. STM experiments were carried out
using an RHK UHV 350 dual AFM/STM using a sharp tungsten tip. The surface was exposed to
the corresponding carboxylic acid at 300 K to obtain a saturated overlayer and annealed to 850 K
in UHV. The samples were allowed to cool to room temperature and then moved onto the scanning
stage for STM measurements.

The copper foil sample used for the TPD and AES experiments was prepared by mechanically
polishing using sandpapers of increasingly fine grit. This was followed by polishing using
polycrystalline diamond paste in descending size until 1 um. This resulted in a visibly smooth
surface under a microscope. The sample was mounted in UHV to a precision X, y, z, ¢ manipulator
and cleaned using a standard procedure that consisted of Ar" bombardment with subsequent
annealing to 850 K for 10 minutes. lon bombardment was performed at a background gas pressure
of ~3.0x10- Torr of argon at a 2 kV potential while maintaining a ~2 uA sample current. This
process was repeated until the sample was determined to be sufficiently clean by AES where, in
particular, no carbon and oxygen were detected on the surface. The Cu(100) single crystal used in
the STM experiments was cleaned by Ar" bombardment for 30 minutes. This was followed by
annealing at 875 K for 30 minutes. This cleaning procedure was repeated until the sample was
found to be clean by AES.

Each carboxylic acid (Sigma Aldrich, >95% purity) was purified using several freeze-pump-
thaw cycles and their purities were judged by mass spectrometry and were dosed onto the surface

using a Knudsen source with an attached tube of 3.2 mm internal diameter placed in close
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proximity to the front of the sample. This arrangement limits the contamination of other parts of

the UHV chamber and enhances the local pressure close to the sample.

3. Results

The temperature-programmed desorption experiments were performed for heptanoic, 6-
heptenoic, 6-heptynoic, octanoic, 7-octenoic and 7-octynoic acids adsorbed on clean copper foils
at 300 K and the results are displayed in Figure 1 for the 44 amu (CO,) signal and in Figure 2 for
the 2 amu (H,) profiles for each acid as a function of relative coverage of the corresponding
carboxylate. Other masses, such as the 28 amu (CO) fragment, were also monitored. The 28 amu
signal coincided with the 44 amu peak and was assigned to a carbon dioxide fragment. Larger
mass fragments corresponding to hydrocarbon products were monitored, but their signals were
weak due to the decreased mass spectrometer sensitivity at higher masses.

All carboxylic acids undergo decarboxylation between ~500 and 700 K as evidenced by the
CO, formation (Figure 1), where previous work has indicated that the reaction occurs by the plane
of the carboxylate tilting towards the surface to weaken the C~COO bond to eject carbon dioxide.*
The desorption profile consists of two features. A low-temperature state appears between ~500
and 550 K at low coverages for each carboxylic acid, which is attributed to the decomposition of
a carboxylate species that has been identified previously at low coverages for which the carbon
chain terminus can interact with the copper surface to cause the carboxylate group to tilt such that
it moves towards the transition-state structure, thereby lowering the reaction activation barrier.3®
41 As the surface becomes more crowded, this induces the formation of a self-assembled monolayer
that causes the carboxylic acid to be more vertical to increase the reaction activation energy thereby

causing the carbon dioxide desorption temperature to increase.
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A significant amount of hydrogen is also evolved during TPD (Figure 2), which can be
categorized depending on whether the hydrogen desorption temperature is below, at the same
temperature as, or at a higher temperature than carbon dioxide desorption. For comparison, the
locations of the peaks of the most intense 44-amu desorption profiles are indicated by vertical lines
in Fig. 2. In particular, the acetylide-terminated carboxylates, 6-heptynoic acid (Fig. 2E) and 7-
octynoic acid (Fig. 2F) show no hydrogen evolution prior to the production of CO,. In the case of
the alkyl-terminated carboxylates, heptanoic acid (Fig. 2A) and octanoic acid (Fig. 2B), hydrogen
evolves prior to the most intense hydrogen desorption feature that occurs simultaneously with CO,
production, and a small amount of hydrogen is evolved at higher temperatures. In the case of vinyl-
terminated carboxylates, 6-heptenoic acid (Fig. 2C) and 7-octenoic acid (Fig. 2D), there is no
distinct hydrogen desorption peak directly associated with the formation of CO,, but large
hydrogen peaks appear centered at ~600 K, followed by a broad feature extending from ~650 to
770 K.

The amount of carbon deposited on the surface was measured using Auger spectroscopy from
the C/Cu Auger peak ratio after heating a saturated overlayer to ~850 K and compared to the Auger
signal following adsorption at 300 K. The results are displayed in Fig. 3A, which show that the
amount of carbon deposited on the surface from for C; and Cg carboxylates increases with an
increase in unsaturation of the terminal group. No oxygen was found on the surface.

It has been shown previously that ethylene adsorbs in a n-bonded structure on copper with a
binding energy of ~36 kJ/mol and in a di-c geometry with an energy of ~59 kJ/mol,** while
acetylene desorbs with an activation energy of ~70 kJ/mol.** These differences in C = Cand C = C
surface binding are in accord with the trend in carbon coverage shown in Fig. 3A, which is

influenced by the nature of the terminal group. This idea is confirmed by the data shown in Fig.
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3B, which plots the percentage of carbon deposited on the surface for the reaction of an adsorbed
heptanoate overlayer as a function of initial coverage. Here, the proportion that decomposes is
larger at low coverages, where the terminal group can more easily access the surface.

In order to investigate the nature of the resulting carbonaceous species, STM images were
collected for copper surfaces saturated with octanoic acid, 7-octenoic acid and 7-octynoic acid
after heating the carboxylate overlayer to 850 K ,and cooling to room temperature, after which
STM images were collected as shown in Figures 4 A, B and C for octanoic acid, D, E and F for 7-
octenoic acid and G and H for 7-octynoic acid on Cu(100). The STM images of octanoic acid
(Figs. 4 A, B and C) show some polymeric structures located at terraces, while the majority of the
polymer structures are sufficiently mobile at this temperature to be able to diffuse to step edges
and agglomerate there. The STM images of a saturated monolayer of 7-octenoic acid after heating
to 850 K (Figs, 4 D, E and F) has slightly more polymer visible on the surface than that derived
from octanoic acid, in agreement with the AES C/Cu ratios shown in Figure 3A. The remaining
polymeric features occur on both step sites and terraces, being more abundant on terrace sites than
the polymers formed from octanoic acid. This is in accord with the idea that the presence of a
terminal carbon-carbon double bond enables the hydrocarbon to anchor to the surface resulting in
somewhat lower mobility.

The STM images obtained by heating and 7-octynoate overlayer to ~850 K (Figs. 4 G and H)
exhibit a much more polymer on the surface than the film formed by octanoic or 7-octenoic acids,
also in agreement with measurements of the amount of carbon on the surface from the Auger data
shown in Figure 3A. The majority of the carbonaceous species are visible on the terraces with only

a relatively small proportion agglomerating on step sites.
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Since mechanochemical reactions occur in the presence of the reactant, the evolution of the
surface with repeated dosing and heating when covered by octanoic, 7-octenoic and 7-octynoic
acid was investigated. Here, sequential TPD profiles were collected for surfaces saturated at room
temperate with each carboxylic acid without intervening cleaning between experiments for seven
cycles. The results are displayed in Fig. 5 where the numbers adjacent to each profile indicate the
cycle number where Cycle 1 represents adsorption on the initially clean surface. Figures 5 A, C
and E show the hydrogen (2 amu) desorption profiles and Figs. 5 B, D and F display the profiles
for carbon dioxide formation. It is observed that each adsorption-heating cycle yields less
hydrogen and carbon dioxide, so that after seven cycles the copper surface is almost completely
passivated. The 2 amu (hydrogen) peak shifts to higher temperatures with each iteration showing
that the dehydrogenation reactions become more difficult on the carbon-covered surface. In
contrast, the CO, (44 amu) desorption peak temperature shifts only very slightly for octanoic and
7-octynoic acid adsorption, but slightly more for the reaction of 7-octenoic acid on copper.

The results of the corresponding Auger analyses are shown in Figure 6, which plots the peak-
to-peak C/Cu Auger ratio for each experimental cycle and show that a significant amount of carbon
adsorbs on the copper surface even after the first carboxylic acid dose. The amount of additional
carbon, and the hydrogen and carbon dioxide yields (Fig. 5) decrease after the first cycles and the
total carbon coverage saturates after four cycles of octanoic acid dosing and heating, five cycles
with 7-octenoic acid, and six cycles with 7-octynoic acid. The total amount of carbon that can be
accommodated on the surface increases with the presence of unsaturation at the terminus of the
hydrocarbon moiety and saturates at a C/Cu Auger ratio of ~1 for octanoic acid (Fig. 6A), and
increases to ~1.5 for 7-octenoic and 7-octynoic acid (Figs. 6 B and C). The carbon depth profile

was estimated from ion-bombarded samples as a function of sputter time using Auger spectroscopy
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(Figs. 6 D, E and F), which suggests that some carbon has thermally diffused into the substrate,
where the sputter times (630 + 70 s) required to remove all carbon were identical for all carboxylic
acids at. The penetration depth was estimated by saturating the surface with octanoic acid overlayer
and by measuring the variation in Auger signal as a function of ion bombardment time under the
same condition as used for the experiments in Figured 6 D, E and F. This approach implicitly
assumes that all forms of carbon are removed equally by ion bombardment, and yields a time to
remove the Cg layer of 264 & 30 seconds to produce an estimate for the time to remove a monolayer
of carbon of 33 + 4 seconds, indicating that the data in Fig. 6 corresponds to a carbon depth

equivalent to ~19 £+ 3 monolayers.

4. Discussion

It has been found previously that carboxylic acids adsorb on copper at room temperature by
deprotonating to form m?-carboxylates with the carboxylate oxygen atoms both binding
equivalently to the surface. At lowest coverages, the chain of the Cg carboxylic acid can tilt towards
and interact with the surface. At higher coverages, the carboxylic acid chain stands vertical from
the surface with the terminus remote, likely due to Van der Walls interactions with its molecular
neighbors. 31> 33-33. 38, 41 They thermally decompose by the carboxylate group titling towards the
surface until the C-COO- bond weakens sufficiently to eliminate gas-phase carbon dioxide at ~650
K, 3% 41 ag illustrated in Fig. 1, to deposit the resulting alkyl species on the surface. This process
occurs with an activation energy of ~180 kJ/mol.3! As the carboxylate group tilts to induce
decomposition, this can allow the terminus of the hydrocarbon chain to interact with the surface
and thus influence the reactivity of the adsorbed carboxylate. In particular, it can initiate

decarbonylation reactions at lower temperatures when the carboxylate coverages are low when the
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hydrocarbon chain can more easily access the surface.® 4! This manifests itself as carbon dioxide
forming with a lower activation barrier, resulting in carbon dioxide desorption at lower
temperatures. This effect is evident in Fig. 1, where small CO, peaks are detected at ~525 K for
alkyl-terminated carboxylate (Figs. 1 A and B), between 500 and 550 K for vinyl-terminated
chains (Figs. 1 C and D), and quite large peaks at ~525 to 550 K for chains with triple bonds (Figs.
1 E and F). There may also be some chain-length effects due to differences in the terminal
stereochemistry. At higher coverages, up to saturation, decarbonylation occurs at temperatures of
~650 K. In this case, there is not a strong dependence of the CO, formation temperature on the
nature of the terminal group, but there is some effect on the chain length, where the longer-chain
Cg carboxylates decompose at slightly higher temperatures than the C; ones due to the larger
interchain van der Waals’ interactions of ~4 kJ/mol per methylene group.*4

The fact that the hydrocarbon fragment is reactively formed at ~650 K can influence the
subsequent reactivity. The surface chemistry of alkyl species has been studied on transition-metal
surfaces,* and specifically on copper, by forming them at low temperatures by reaction with
iodine-containing precursors. 4748 Here, the weak C—I bonds cleave at low temperatures to form
an intact alkyl species, in contrast to the carboxylates where the alkyl species are formed at
temperature above which they would normally decompose. These experiments reveal that the most
facile reaction for alkyl decomposition is via B-hydride elimination to form an alkene at ~200 to
250 K in TPD, and is many orders of magnitude faster than a-hydride elimination processes.
Coupling reactions between alkyl chains can also occur at ~430 K to form longer-chain
hydrocarbons, which, in the case of the Cg and C; carboxylates studied here produce carbonaceous
oligomers on the surface, which are ~2 nm long. Note that relative reaction rates increase more

rapidly for high-activation-energy process with temperature than for low-activation-energy ones.

-10-
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This means that more carbonaceous oligomers are expected on the surface when the alkyl species
are formed at higher temperatures, such as by carboxylate decomposition, than when they are
formed at lower temperatures such as by decomposition of a reactive precursor, such as an alkyl
iodide, or mechanically, where the reaction can occur at room temperature.3°

The fate of the carbonaceous species formed by carboxylate decomposition is also likely to be
influenced by the nature of the terminal group. For example, B-hydride elimination from an
adsorbed alkyl species will yield a corresponding alkene and remove carbon from the surface. In
contrast, the presence of a terminal anchoring group would sterically inhibit the desorption of the
resulting alkene and allow it to undergo additional reactions to form surface carbonaceous species.
These effects are illustrated in Fig. 3, where Fig. 3A shows that the amount of carbon deposited
on the surface increases with the presence of unsaturation of the terminal carbons, with an acetylide
group being more reactive than a vinyl group. The effect of the ability of the terminal group to
access the surface is shown in Fig. 3B, which illustrates that the proportion of the carbon remaining
on the surface depends on the coverage, and thus on the number of vacant surface sites.

These effects are emphasized by the STM results (Fig. 4), where the amount of carbon on the
surface increases with the presence of unsaturation at the chain terminus. The formation of
polymeric species evident in these images is consistent with them being initiated by coupling
reactions between chains. It is further confirmed by the results of the blocking experiments shown
in Figure 6, where the surface is more rapidly blocked in the order 7-octynoic>7-octenoic>octanoic
acids.

A curious difference is seen between the hydrogen evolution kinetics of heptanoic (Fig. 2A),
octanoic (Fig. 2B), 6-heptynoic (Fig. 2E) and 7-octynoic (Fig. 2F) acids and the carboxylic acids

terminated by vinyl groups (Figs. 2 (C and D) where, in the first four cases, most of the hydrogen

-11-



Physical Chemistry Chemical Physics

desorbs synchronistically with carbon dioxide (Figs. 1 A, B, E and F), with some additional
hydrogen evolving at higher temperatures, while for 6-hepenoic and 7-octenoic acids the initial
hydrogen desorption precedes decarboxylation. The origin for this effect is not clear but it does
suggest that the stereochemistry of the terminal vinyl groups allows them to dehydrogenate to form
relatively strong C—Cu bonds without unduly modifying the carboxylate structure, otherwise it

would decompose to form carbon dioxide at lower temperatures.

5. Conclusion

The surface chemistry of C; and Cg carboxylic acids terminated by alkyl, vinyl, or alkynyl
terminal groups were experimentally investigated on the copper surfaces. All carboxylic acids
thermally decompose to evolve CO, at temperatures between ~500 and 700 K, depending on the
coverage, with some reaction occurring at lower coverages due to an interaction of the chain
terminus with the surface. However, the decarbonylation rate of the saturated overlayers does not
depend on the nature of the hydrocarbon terminus, but does depend slightly on chain length. The
rate of reaction of the subsequently formed carbonaceous fragment does depend on the nature of
the terminal group, with the presence of unsaturation increasing the amount of carbon on the
surface. This is rationalized on the basis of a competition between B-hydride elimination of the
alkyl group to produce an alkene, and coupling reactions to form polymeric species on the surface.
The activation barrier for the first process is less than for the second so that the relative rate of
carbon deposition will increase as the temperature at which the hydrocarbon species is reactively
deposited increases. Thus, the high reaction temperature of the thermally stable carboxylate group
will cause relatively large amount of carbon to be deposited on the surface. This predicts that the

mechanochemical decomposition of carboxylic acids on copper, which takes place at ~300 K,

-12-
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should result in the deposition of less carbon on the surface than formed in the thermal reaction,

similar to the effect found for acetate species, 3° .
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Figure Captions

Figure 1: Temperature-programmed desorption profiles collected while monitoring 44 amu
(COy,) using a heating rate of 5 K/second following the adsorption of A: heptanoic acid, B: 6-
heptenoic acid, C: 6-heptynoic acid, D:octanoic acid, E: 7-octenoic acid, F: 7-octynoic acids on a
copper foil at 300 K as a function of relative coverage, where the coverages are displayed
adjacent to the corresponding spectrum.

Figure 2: Temperature-programmed desorption profiles collected while monitoring 2 amu (H;)
using a heating rate of 5 K/second following the adsorption of A: heptanoic acid, B: 6-heptenoic
acid, C: 6-heptynoic acid, D:octanoic acid, E: 7-octenoic acid, F: 7-octynoic acids on a copper
foil at 300 K as a function of relative coverage, where the coverages are displayed adjacent to the
corresponding spectrum.

Figure 3: A: The variation in the proportion of carbon remaining on the surface after heating a
saturated overlayer to 850 K, measured from the C/Cu peal-to-peak Auger ratio, as a function on
the nature of the terminal group of the hydrocarbon chain for a series of C; and Cg hydrocarbons.
B:The proportion of carbon remaining on the surface after heating a saturated overlayer of
heptanoic acid on copper to 850 K as a function of the initial heptanoic acid coverage

Figure 4: Scanning tunneling microscope (STM) images of a saturated overlayer of various
carboxylic acid adsorbed at 300 K on Cu(100) and heating to 850 K. A, B, C: 140nm x 140 nm
image of octanoic acid (V, = -0.75 V, I, = 0.100 nA), D, E, F: 140 nm x 140 nm image of 7-
octenoic acid (V, = -0.75 V, I, = 0.094 nA), G 55 nm x 160 nm image of 7-octynoic acid (V,

= -0.76 V, I; = 0.099 nA), and (H) 110 nm x 80 nm image of 7-octynoic acid (V, = -0.76 V,

I, = 0.097 nA).
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Figure 5: Temperature-programmed desorption profiles collected while monitoring 2 amu (H,)
using a heating rate of 5 K/second following the adsorption of a saturated overlayer of A:
heptanoic acid, B: 6-heptenoic acid, C: 6-heptynoic acid, D:octanoic acid, E: 7-octenoic acid, F:
7-octynoic acid on a copper foil at 300 K and heating to 850 K and the dosed once again with the
carboxylic acid. The number of adsorption and desorption cycles are displayed adjacent to the
corresponding spectrum.

Figure 6: Auger C/Cu peak-to-peak ratios plotted as a function of the number of adsorption-
desorption cycles taken from the data in Fig. 5 for A:octanoic acid, B: 7-octenoic acid and C: 7-
octynoic acid on a copper foil. Plotted also are the AES C/Cu peak-to-peak ratios after seven
adsorption-desorption cycles as a function of Ar+ ion bombardment time using and ion beam
energy of 2 keV with a sample current of 2 pA for D:octanoic acid, E: 7-octenoic acid and F: 7-

octynoic acid on a copper foil
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Bavisotto et al; Figure 4
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