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Ab initio molecular dynamics based on density functional theory within the generalized gradient approxi-
mation was used to explore decomposition on Al�111� of butanol-alcohol and butanoic-acid, two important
boundary additives in Al processing. Each molecule was oriented with its functional group closest to the
surface and then given an initial velocity toward the surface. Decomposition occurred upon collision with
Al�111� resulting in the formation of adhered fragments that represent the very initial stages in additive film
formation during plastic deformation where nascent Al is liberated. Bonding interactions over the simulation
time frames were explored with contours of the electron localization function. Results of the simulations were
compared with existing experimental studies of chemical decomposition on clean Al surfaces and found to be
in qualitative accord. The effects of other initial molecular orientations on decomposition were explored in
ancillary calculations where the molecules were rotated through 90° and 180° prior to collision with Al�111�.
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I. INTRODUCTION

Molecular interaction with solid surfaces has attracted
considerable attention in the scientific literature due its rel-
evance to such areas as catalysis,1 atmospheric pollution,2

magnetic storage systems,3 planetary science,4 organic elec-
tronic materials,5 soil contamination,6 molecular information
processing,7 and geophysics.8 Theoretical studies have often
focused on model systems designed to explore adsorption of
a single aliphatic or aromatic molecule. Common practice is
to probe energetics of surface reactions by either manually
moving a molecule from surface site to surface site, or re-
moving specific atoms in order to induce bonding with sur-
face ions. For example, Lee et al.9 reported a first-principles
investigation of C2H2 decomposition on Fe�001�, while
Dyson and Smith used an empirical interatomic potential to
investigate chemisorption of C2H2 and CH3 on
�-SiC�001�.10 An empirical density functional method was
developed in Ref. 11 to model adsorption of several mol-
ecules on Si�100� including C6H6 and C10H8. Experimental
studies of molecule-solid interactions have involved a variety
of surface science methodologies.12 For example, Xie et al.13

investigated CH3OH dissociation on Si�111�-�7�7� with
scanning tunneling microscopy �STM�. Land et al.14 also
used STM to explore C2H4 reaction on Pt�111�, and inelastic
electron-tunneling spectroscopy has been applied to the
study of carboxylic acid reaction with alumina.15,16

Dynamic molecular decomposition, which results from
collision of molecules with a solid surface, has received
minimal attention in the literature. An especially important
example is the decomposition of boundary additive mol-
ecules on a reactive metal surface. Nowhere is this more
relevant than in various Al forming processes such as rolling,
forging, casting, machining, and extrusion where boundary
additive molecules facilitate a series of complex reactions

leading to molecularly thin boundary films that adhere to the
Al surface. These technologically and economically critical
processes are often the first in a series of steps that ultimately
result in a wide range of Al alloy components used in the
commercial and military sectors. Common additives consist
of one or more aliphatic alcohols, acids or esters with hy-
droxyl �O-H� and carboxyl �O=C-OH� groups,
respectively.17,18 These electron-rich functional groups react
with nascent Al once the natural 3–6 nm Al oxide or hydrox-
ide layer is broken up during plastic deformation. The ad-
hered boundary films limit adhesive transfer and abrasive
wear, lower interface temperatures, and mitigate energy input
required to plastically deform the material.19 In the absence
of these films, contact with oxide surfaces on ferrous tools
can produce a highly exothermic �thermit� reaction: 2Al
+Fe2O3→Al2O3+2Fe; alternatively, similar thermit reac-
tions can promote adhesive transfer and subsequent Al sur-
face damage.20 Reactions that lead to adsorbed boundary ad-
ditives are typically inferred from expensive trial-and-error
experimentation and it is upon these inferences that additive
molecules are often synthesized.

Several experimental investigations of aliphatic molecule
interactions with clean Al surfaces suggest a chemical reac-
tivity with Al that differs significantly from that of transition-
metal surfaces. For example, adsorption and thermal decom-
position of H2O, CH3OH, and CH3OCH3 molecules on clean
Al�111� were examined in Refs 21–24. High-resolution elec-
tron energy-loss spectroscopy �HR-EELS�, temperature pro-
grammed desorption �TPD�, and Auger-electron spectros-
copy �AES� were used to investigate molecular adsorption
on the Al surface. At 90 K, these molecules retarded surface
oxidization. Above 90 K, decomposition species from these
molecules on Al�111� were observed. Although such reac-
tions have been well studied, there continues to be some
uncertainty about decomposition species on Al during reac-
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tion. Underhill and Timsit25 applied x-ray photoelectron
spectroscopy �XPS� to the investigation of 1-butanol and
propanoic-acid decomposition on Al�111�. Their results �at
room temperature� suggest that acid molecules break up on
clean Al surface leading to attachment of aliphatic chain
fragments via C atoms. Alternatively, aliphatic alcohols were
found to chemisorb on clean Al via the functional group
alone. At elevated temperatures, both acids and alcohols dis-
sociated on the clean surface via their functional groups.

Computer simulations of boundary film formation on me-
tallic surfaces have primarily focused on extreme pressure
additives that minimize wear and corrosion of reciprocating
contacts where no bulk plastic deformation occurs. An addi-
tive of particular interest is zinc-dialkyl-dithiophosphate
�ZDDP� which decomposes to form high strength boundary
films that adhere to iron and steel surfaces.26,27 Using Car-
Parinello molecular dynamics, Mosey et al.28 predicted that
ZDDP boundary films form by cross linking through the Zn
atoms once a certain pressure is reached within the film. The
pressures required for cross linking are mitigated by the me-
chanical properties of the substrate. While ZDDP films form
on Al surfaces, they do not effectively inhibit wear on these
softer surfaces to anywhere near the extent they do on iron-
based surfaces. The molecular dynamics predictions were
validated in subsequent experiments.29 Koyama et al.30 used
a hybrid tight-binding method to model interactions between
phosphoric ester and nascent iron surface and noted both
ionic and covalent bonding. Yim et al.31 used molecular dy-
namics to explore sliding at an interface between two Si�001�
surfaces containing dodecane films. Greenfield and Ohatani32

modeled friction modifying molecules constrained between
two surfaces.

Despite the broad significance of Al alloys, there are rela-
tively few theoretical studies of additive molecule decompo-
sition on a clean Al surface and the resulting structures of
molecularly adsorbed species. Most of these studies have
focused on reaction of small organic molecules, such as
methanol and ethanol, with various Al surface
terminations.33–36 For larger molecule reactions with clean Al
surface, Zhong and Adams37 calculated the reaction enthalp-
ies of vinyl-phosphonic-acid �VPA� and ethanoic-acid �EA�
with clean Al�111� in several adsorbing geometries, viz.,
tribridged, bibridged, and unidentate coordinations. A similar
investigation was reported by Hector et al.38 for VPA reac-
tion on �-Al2O3�0001�. They concluded that these reactions
occurred at hydrophosphoryl-oxygen �OH-P=O� groups on
VPA, and hydrocarboxyl �OH-C=O� groups on EA. The
most favorable adsorption pathway was the tribridged coor-
dination for VPA �which is consistent with vibrational spec-
troscopy experiments� and the bibridged coordination for
EA. Unidentate coordination was found to be the least favor-
able. At present, there are no dynamic ab initio studies that
explore large alkyl-chain �e.g., greater than ten ions� disso-
ciation and binding to Al surfaces.

In this paper, we examine dynamic reaction pathways for
decomposition and adsorption of two important aliphatic
boundary additive chemistries on clean Al�111� surface. Spe-
cifically, interactions of single butanol-alcohol and butanoic-
acid molecules with Al�111� are modeled using ab initio mo-
lecular dynamics �monolayer formation on metal surfaces

and associated film cohesion are reserved for a forthcoming
study� based upon density functional theory �DFT�. Each
molecule was directed to collide with clean Al�111� surface
through its reactive functional group. Initial molecular ap-
proach speeds toward the surface were taken from techno-
logically relevant Al forming processes. Bonding both within
each molecule and between the molecular fragments and
Al�111� is explored in detail with contours of the electron
localization function. Simulation results are qualitatively
compared with reported x-ray photoelectron spectroscopy
�XPS� and electron energy-loss spectroscopy �EELS� experi-
ments of similar molecules.24,25 The calculations suggest
new decomposition species that were not observed in a pre-
vious DFT study of static decomposition.37 To explore the
effect of initial molecular orientation on decomposition, an-
cillary calculations were conducted in which each molecule
was either aligned with its carbon backbone parallel to
Al�111� or rotated such that its functional group was pointing
away from Al�111�.

II. ADDITIVE MOLECULES

Butanol-alcohol �H3C-�CH2�2-H2COH� and butanoic-acid
�H3C-�CH2�2-COOH� molecules are shown schematically in
Fig. 1. The alcohol in Fig. 1�a� has a C-OH functional group,
while the acid in Fig. 1�b� has an O=C-OH functional group
with C-OH and C=O groups. Table I lists some relevant
bond energies. The Al-O bond strength is highest of all bond
strengths listed due to the high electronegativity difference
between Al and O.39 Therefore, oxygen-containing func-
tional groups �i.e., O=C-OH and C-OH� on these molecules
will be more reactive to clean Al�111� than hydrocarbon
�C-H� groups. This suggests that of all possible initial mo-
lecular orientations relative to the surface, that with the func-

(a) (b)

FIG. 1. �a� butanol-alcohol molecule, �H3C-�CH2�2-H2COH�.
�b� butanoic-acid molecule, �H3C-�CH2�2-COOH�

TABLE I. Bond energies of some relevant atomic bonds
�Ref. 39�.

Atomic bond Al-O Al-C Al-H C-H C-O O-H

Bond energy �eV� 5.20 2.77 2.95 4.11 3.71 4.76
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tional group closest to the surface is of most interest for
simulation of decomposition upon impact. We chose the
Al�111� termination since this is the low surface energy
termination.40

III. COMPUTATIONAL METHODOLOGY

All ab initio molecular dynamics �AIMD� calculations in
this study were based on DFT �Refs. 41–45� as implemented
in the Vienna ab initio simulation package �VASP� within a
�high precision� plane-wave basis set.46,47 Vanderbilt-type ul-
trasoft pseudopotentials �USP� �Ref. 48� were used for the
elemental constituents within the generalized gradient ap-
proximation �GGA�.49–51 Although the GGA tends to be bet-
ter than LDA for describing transition states during chemical
reactions, its application to molecular adsorption or decom-
position problems comes with two significant caveats. First,
it is well known that the GGA can yield inaccurate reaction
barriers ��10 kJ /mol�.52–54 Second, for small molecules
such as CO, the GGA has been shown to overestimate ad-
sorption energies as well as lead to erroneous conclusions
about surface adsorption sites.55 While the semilocal BLYP
and hybrid B3LYP functionals accurately predict adsorption
energies and correctly distinguish adsorption sites that are
consistent with experiment, metallic property and surface en-
ergy predictions are typically inaccurate.55 One is thus faced
with a dilemma regarding the choice of exchange-correlation
functional for simulation of molecular decomposition on a
metallic surface. For dynamic decomposition, our main in-
terest here, we believe that the GGA is a reasonable compro-
mise since the high velocity applied to the molecules �which
in practice are heated in upward of 160 °C in bulk Al form-
ing processes such as rolling� and the extreme chemical re-
activity of nascent Al will likely overwhelm any barrier to
decomposition.

We first calculated the lattice constant of pure Al bulk
using an NPT ensemble in AIMD, which thermally equili-
brated the system at room temperature �300 K� and an am-
bient pressure of 1.0 bar. A regular gamma-centered grid of
5�5�5 was chosen as the best k-point sampling for one
2a�2a�2a unit cell where a is our computed lattice con-
stant for bulk Al. The total energy was converged within 1–2
meV/atom. A plane-wave cutoff energy of 400 eV, as dic-
tated by the oxygen pseudopotential, i.e., the hardest in the
decomposition simulations, was adopted for all calculations.
The computed lattice constant of 4.05�7� Å compares favor-
ably with results from other calculations and experiment as
detailed in Table II.

For modeling interactions between additive molecules and
an Al�111� slab, a Monkhorst-Pack grid of 5�5�1 k-points
was selected. The Al�111� slab consisted of a supercell ge-
ometry with four-Al layers �36 ions per layer or 144 ions in
the entire slab�. This orthorhombic supercell has three defi-

nite orientations, viz., a�11̄0�=14.88 Å �along the X axis�,
b�112̄�=17.18 Å �along the Y axis,� and c�111�=40.00 Å
�along the Z axis�, with a vacuum distance of 24.00 Å in the
c direction. The supercell size was sufficient so as to pre-
clude interactions with periodic images. The bottom layer of
the Al�111� slab was fixed along the c direction to prevent

motion of the slab during impact with an additive molecule.
Ancillary tests with thicker Al�111� slabs revealed no signifi-
cant differences from results computed with the four-layer
slab. A check of the magnitude of the topmost layer relax-
ations revealed that these were less than 2% of the bulk
lattice spacing which is in agreement with Ref. 40. The ge-
ometries of the isolated molecules were first optimized in the
same supercell as that used for the Al�111� slab, but with Al
ions removed. Each optimization was conducted with a
single k point using the Fermi smearing technique.46,47 The
optimized molecules were then transferred into the simula-
tion cell containing the Al�111� slab.

A simulation time step of 0.001 ps was chosen to ensure
computational efficiency while minimizing integration er-
rors. For example, during a typical MD simulation at 500
time steps, the total energy of the system changed by less
than 0.03 eV.

At the beginning of each simulation, the additive mol-
ecule under study and the four-layer Al�111� slab were
equilibrated in the same cell at 300 K for about 1500 time
steps �1 time step=0.001 ps�. This was maintained by res-
caling the velocities at each time step.58 After thermal equili-
bration, all AIMD simulations were carried out with the con-
stant energy method �the no temperature control energy
molecular dynamics ensemble�.

When steel rollers converge to form the bite region in
metal rolling of Al alloys, pressure gradients that develop in
applied liquid lubricant films draw them into the conjunction.
After collision of a steel roller surface with additive mol-
ecules, we estimate that translational speeds acting on a
single molecule can reach as high as 2500 m/s due to kine-
matics at the tool/Al interface.59 Hence, a set of approach
velocities, Vd, based upon this value, were selected for in-
vestigation in the AIMD simulations. Each molecule then
starts to accelerate once it feels a net attraction of the Al�111�
slab.

To save computational cost, the initial vertical distance
between each additive molecule and Al�111� surface ions
was set to 2.30 Å. This distance was relative to one or more
of the functional group ions in each molecule and is in fact
slightly larger than the Al-O bond length �1.86–1.97 Å� in
Ref. 60.

To provide insight into the nature of bonding interactions
between additive molecule fragments and Al�111� from dy-
namic decomposition, we compute and display contours of
the electron localization function �ELF� in planes where
bonding is expected to occur based upon the optimized de-
composition geometries. As discussed by Räsänen et al.61 in

TABLE II. Comparison of calculated lattice constant of pure Al
bulk �unit: Å�.

Current
AIMD work

at 300 K
DFT work

at 0 Ka
EAM-MD work

at 300 Kb
Experimental data

at 300 Kc

4.05�7� 4.05�3� 4.05 4.05

aReference 37.
bReference 56.
cReference 57.

DYNAMIC DECOMPOSITION OF ALIPHATIC MOLECULES… PHYSICAL REVIEW B 79, 125419 �2009�

125419-3



their work on quantum dots, the ELF describes where elec-
trons are localized rather than where they are. From a more
formal standpoint, the ELF represents the probability of find-
ing a second electron, e−, with the same spin in the neigh-
boring region of a reference electron.62–64 Additional details
about the ELF and its relationship to the concept of the
Fermi hole and the Pauli exclusion principle may be found in
Ref. 65. Values of the ELF are restricted to 0.0�ELF�1.0,
with 0.5 representing electron-gas-like pair probability �e.g.,
as in crystalline Al, which is a free-electron gas metal� and
1.0, which indicates localization �i.e., covalent bonding, as in
crystalline diamond�. The ELF has proven useful for inves-
tigating bonding between two neighboring ions since contour
lobes that are representative of localized charge �or overlap-
ping orbitals� can be clearly distinguished from lobes that are
indicative of minimal charge localization. We note that ELF
has provided insights into bonding in a variety of organic
molecules,66–72 inorganic compounds,40,73 and in solid-solid
adhesion.74,75 Specific advantages and some intrinsic limita-
tions of the ELF have been reviewed by Savin.40,76

IV. MODEL CONFIGURATIONS

Figure 2 shows four initial model configurations explored
with the present AIMD simulations. In each model, the ad-
ditive molecule is positioned with its carbon backbone above
the center of the equilibrated Al�111� slab surface. Molecular

orientations along �112̄� �or side views, Figs. 2�a�, 2�c�, 2�e�,
and 2�g�� and �111� �or top-down views, Figs. 2�b�, 2�d�,
2�f�, and 2�h�� are shown. In each top-down view, most of
the hydrocarbon backbone has been removed to reveal the
alignment of the functional group relative to the surface
plane. Ion colors are red �O�, black �C�, white �H�, or gray
�Al�, and the ball-and-stick displays are merely suggestive of
bonding between ions. The Al�111� slab surface is slightly
nonplanar at the outset of each AIMD simulation due to ther-
mal equilibration at 300 K prior to each additive decompo-
sition simulation. The three model configurations for
butanoic-acid decomposition on the Al�111� slab are dis-
played in Figs. 2�a�–2�f�. Figures 2�a� and 2�b� show two
views of model-1 �M-1�, where Vd=−15.0 Å /ps �1500
m/sec�. Here the O ion in O=C is set at a 2.30 Å distance
above the Al�111� slab. In model-2 �M-2�, which is shown in
Figs. 2�c� and 2�d�, Vd=−15.0 Å /ps and the H-O group is
positioned at a 2.30 Å above the Al�111� slab. Figures 2�e�
and 2�f� show model-3 �M-3� where Vd=−20.0 Å /ps and
functional group components are positioned 2.30 Å directly
above Al�111�. Figures 2�g� and 2�h� are views of model-4
�M-4� for butanol-alcohol reaction with the Al�111� slab.
Here, the H-O group is positioned 2.30 Å above Al�111�.
For M-4, Vd=−20.0 Å /ps.

V. RESULTS AND DISCUSSION

A. Boundary additive molecules

Figure 3 shows side views of the two additive molecules
�before decomposition� with superimposed contours of the
electron localization function. The contour planes in Figs.

3�a� and 3�b� were positioned to cut through the center of the
carbon backbone in each case.

Figure 3�a� shows ELF contours of an isolated butanol-
alcohol molecule following VASP optimization in a cell of
sufficient size so as to isolate the molecule from periodic
images. Covalent bonds in the carbon backbone are denoted
by the oval-shaped red-orange lobes between adjacent C ions
at ELF values between 0.9 and 1.0 as denoted in the key to
the right of the contour plots. ELF contours about the O ion
suggest sp3 hybridization with the associated H and C ions
and significant distortion due to the H ion. Table III shows
that our computed C-O-H bond angle of 112.2° in the
butanol-alcohol molecule is close to the 109.6° experimental
value. Reasonable agreement between our computed O-C
and O-H bond lengths and experiment is also noted in Table
III. The C ion in CH3 �top end of the butanol-alcohol mol-
ecule, as shown in Fig. 3�a�� is sp3 hybridized with about
25% s character. Portions of the sp3 bond cannot be seen
since two of the H ions are not coplanar with the C ion and
hence their corresponding ELF contours are not displayed.

Figure 3�b� shows ELF contours of an isolated butanoic-
acid molecule. Here the O-C single bond is shorter than that
in the alcohol, as confirmed by our calculation, and is due to
the sp2 hybridization of the carboxyl C ion in O=C-OH. This
has a higher percentage of s character ��33%� than the C in
CH3 of the alcohol which is consistent with a shorter bond
distance. The sp2 hybridization of the C ion in O=C-OH
allows electrons to delocalize resulting in the large ellipti-
cally shaped orange-red ELF lobe surrounding most of the O
ion in O=C. Covalent bonds in the carbon backbone are
again denoted by the oval-shaped red-orange lobes between
adjacent C ions. Comparisons of additional bond distances
and angles from our calculations with experiment are also
listed in Table III. The ELF contours in Fig. 3 show that the
functional groups �O=C-OH and C-OH� on the additive
molecules are electron-rich and hence are more likely to re-
act with Al�111� than other C-H and C-C groups.

B. Decomposition pathways for butanoic-acid

Figures 4–6 show the computed dynamical decomposi-
tion pathways for butanoic-acid on the Al�111� slab from
models M-1, M-2, and M-3, respectively �see Fig. 2�. The
initial temperature for the simulations was 300 K, and the
cell boundaries have been removed for the purpose of illus-
tration. Only that portion of the surface where the molecules
interact is shown in each figure. In all figures, O ions are red,
C ions are gray, and H ions are white.

In Fig. 4�a�, the O ion in the O=C group in the undisso-
ciated butanoic-acid molecule begins to anchor to the surface
in a bidentate coordination at 50 simulation time steps. How-
ever, the O-H group does not appear to interact with the
surface. At 90 time steps, Fig. 4�b� shows that the O ion in
O=C has dissociated from the molecule and is adsorbed onto
the surface, with the residual molecule anchoring to the sur-
face through its alkyl-chain. In Fig. 4�c�, the O-H group has
dissociated from the molecular fragment at 200 time steps.
This group begins interacting with the surface through its O
ion, as expected. At 310 time steps, the O-H group fully
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(e) (f)

(g) (h)

(a) (b)

(c) (d)

15.4 Å

FIG. 2. �Color online� Molecule orientations
relative to Al�111� at the outset of the simulations

shown along �112̄� �side view� and �111� �top-
down view�. The majority of the hydrocarbon
backbone has been removed in the top-down
views to show functional group alignment rela-
tive to the center of the surface plane. Normal
velocity imposed to each molecule is Vd. ��a� and
�b�� side and top-down views, respectively, of
M-1 with butanoic-acid; ��c� and �d�� side and
top-down views, respectively, of M-2 with
butanoic-acid; ��e� and �f�� side and top-down
views, respectively, of M-3 with butanoic-acid;
�g�,�h� side and top-down views, respectively, of
M-4 with butanol-alcohol. Ion colors are red �O�,
black �C�, white �H�, and gray �Al�. Note that the
cell boundaries have been removed for the pur-
pose of display.
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dissociates and is adsorbed onto the surface, as shown in Fig.
4�d�, in a unidentate coordination. The residual alkyl-chain
anchors to the surface in a tetracoordination via the carboxyl
C ion, with the O ion in O=C adsorbing on the surface in
tridentate coordination. We note that the H ion in the O-H
group is tilted relative to the O ion as expected.80 Also, the
decomposition species noted at the four time steps in Fig. 4
were obtained when the calculation was repeated multiple
times �with minor changes to the orientations of the various
decomposition species�. Note that the temperature of this
system increases from 300 to 970 K during the simulation.

In Fig. 5�a�, which is the M-2 configuration at 40 time
steps, the O-H group interacts with Al�111�, resulting in dis-
sociation of the H ion from the molecule. The butanoic-acid
fragment interacts with the Al surface in a bibridged coordi-
nation through its O ions. At 130 time steps, Fig. 5�b� shows
that the molecular fragment remains anchored to the surface
as shown in Fig. 5�a�. At 200 time steps, however, Fig. 5�c�
shows this coordination is changing to unidentate as the mol-
ecule rebounds following collision with the surface, with an
Al ion pulled upward by one of the O ions in the fragment.
At 310 time steps, a bidentate configuration results, as shown

in Fig. 5�d�, which resembles a soap �i.e., a product of
R-COOM, where R- is the alkyl-chain and M is a metal ion�
formed on the surface.81 Soap formation with fatty acids has
been observed in Al forming processes where nominal pres-
sures are in the vicinity of 2.5 times the material flow
strength.19,66,82 The temperature of this system increased
from 300 to 960 K during the simulation.

Results for M-3 in Fig. 6�a� show that the O ion in O
=C has dissociated and is subsequently adsorbed in a triden-
tate configuration on the Al surface at 50 time steps. The
same is true for the O-H group. The residual alkyl-chain
forms a bidentate configuration. Interestingly, the remaining
images at 90, 200, and 310 time steps in Figs. 6�b�–6�d�,
respectively, suggest that this bidentate configuration persists
�once formed� throughout the simulation. The H dissociates
from the adsorbed O-H group and migrates about the surface.
The temperature of this system increased from 300 to 1330
K during the simulation.

Figure 7 shows the initial evolution of potential energy
computed for each of the three butanoic-acid decomposition
models considered in Fig. 2. In each case, the butanoic-acid
molecule interacts with the surface within 30–40 time steps.

(a) (b)

FIG. 3. �Color online� Contours of the elec-
tron localization function shown in a single plane
that cuts through the carbon backbone of �a� a
butanol-alcohol molecule; �b� a butanoic-acid
molecule. The H ion at the very top and bottom
of each molecule is in the same plane as the car-
bon back bone, while remaining H ions point in
and out of the page. Ion colors are red �O�, black
�C�, and white �H�.

TABLE III. Important geometric parameters of gas-phase molecules.

Butanol-alcohol molecule Butanoic-acid molecule

Bond length
�Å�

Bond angle
�deg.�

Bond length
�Å�

Bond angle
�deg.�

Bond Calc. Expt.a Angle Calc. Expt.a Bond Calc. Expt. Angle Calc. Expt.b

O-C 1.437 1.404
C-O-H 112.2 109.6

O=C 1.213 1.231b
O=C-O 120.1 123.9

O-C 1.341 1.304b

O-H 0.938 0.947 C-O-H 113.7 117.0O-H 0.982 0.964c

aReference 77.
bReference 78.
cReference 79.
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The potential energy of the system decreases during this time
in order to overcome the barrier to adsorption. The energy
then decreases �which is the dip in each curve� as the surface
absorbs the impact of the molecule which continues to de-
compose. Beyond this point, the energy once again increases
as the molecular fragment and its decomposed functional
group components rearrange themselves on the surface. The
sharp peaks on the M-1 and M-3 curves indicate larger and
more rapid exchanges between the potential and kinetic en-
ergies than are observed in M-2 during decomposition. We
find that the nominal potential energy for M-1 after 500 time
steps is lower than those for M-2 and M-3 suggesting that
this is the most energetically stable of the three model con-
figurations. Further annealing of each model configuration is
discussed below.

C. Decomposition pathway for butanol-alcohol

Since butanol-alcohol has only one functional group �O-
H�, we constructed a single model �M-4� to explore its inter-
action with the Al�111� slab during AIMD simulation. Figure
8 shows four selected time steps during decomposition of the
M-4 configuration detailed in the side and top-down views in
Figs. 2�g� and 2�h�, respectively, starting at 300 K. At 40
time steps, the H ion dissociates from the O-H group and
interacts with an Al surface ion in Fig. 8�a�. At 100 time
steps in Fig. 8�b�, the molecular fragment adsorbs on the
surface with the lone H ion moving below the surface, albeit
only briefly. At 250 time steps, the molecule changes its ad-
sorption geometry to a bidentate structure, as shown in Fig.
8�c�. Figure 8�d� shows a unidentate configuration at 400

(a) (b)

(c) (d)

FIG. 4. �Color online� Selected stages of dy-
namic decomposition pathway for butanoic-acid
on Al�111� with initial geometry M-1. �a� 50
steps; �b� 90 steps; �c� 200 steps; �d� 310 steps.
Ion colors are red �O�, black �C�, white �H�, and
gray �Al�.

(a) (b)

(c) (d)

FIG. 5. �Color online� Selected stages of dy-
namic decomposition pathway for butanoic-acid
on Al�111� with initial geometry M-2. �a� 40
steps; �b� 130 steps; �c� 200 steps; �d� 310 steps.
Ion colors are red �O�, black �C�, white �H�, and
gray �Al�.
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time steps. Interestingly, neither the bidentate nor the triden-
tate coordinations noted in the butanoic-acid decomposition
were observed for butanol-alcohol. Additional AIMD tests
with the butanol-alcohol molecule slightly rotated relative to
the Al�111� slab confirmed this observation. The temperature
of this system ranged from 300–1150 K during AIMD simu-
lation.

Figure 9 shows the potential energy computed during
butanol-alcohol decomposition in M-4. Here, the sharp peak
around 40 time steps represents dissociation of the H ion
from the molecule. The dip in the curve near 220 time steps
is due to rearrangement of the decomposed species on the
surface.

D. Qualitative comparison of simulation predictions with
experiments

Controlled experimental investigation of molecular de-
composition on clean Al�111� is challenging from the stand-
point that it is difficult to prevent oxidation of the surface

even under ultrahigh-vacuum conditions.83 Underhill and
Timsit25 examined interactions of some aliphatic additives
that are very similar to butanoic-acid and butanol-alcohol
with clean Al�111� using x-ray photoelectron spectroscopy
�XPS�. The temperature range in their experiments was 300–
750 K. For the acids at 300–500 K, the hydrocarboxylic
�O=C-OH� groups decomposed, resulting in two possible
decomposition configurations. One configuration involved
separation of the O-H group from the original molecule to
bind to the surface via the O ion plus the attachment of the
residual alkyl-chain to the Al surface via the O ion in O=C.
This is the essential pathway of M-1 in Fig. 4�a� which was
found to be the most energetically stable of the three
butanoic-acid decomposition pathways explored in Figs.
4–6. In the other, the O was completely liberated from the
O=C-OH group, locally oxidizing Al�111�. The remaining
alkyl-chain anchored to the surface via the carboxyl C ion
originally in the hydrocarboxyl �O=C-OH� group. This de-
composition pathway resulted in the configuration suggested
at 200 steps in Fig. 6�c�, which is model M-3.

(a) (b)

(c) (d)

FIG. 6. �Color online� Selected stages of dy-
namic decomposition pathway for butanoic-acid
on Al�111� with initial geometry M-3. �a� 50
steps; �b� 90 steps; �c� 200 steps; �d� 310 steps.
Ion colors are red �O�, black �C�, white �H�, gray
�Al�.

FIG. 7. �Color online� Potential energies with
simulation time step for butanoic-acid decompo-
sition on Al�111�. Results for M-1, M-2, and M-3
are compared.
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Crowell et al.21 used electron energy-loss spectroscopy,
temperature programmed desorption, and Auger-electron
spectroscopy to study adsorption and decomposition of etha-
noic acid on A1�111�. At 167 K, they found that the adsorbed
acetate fully decomposed resulting in a carbon- and oxygen-
covered surface. Although the present AIMD simulations
were conducted at far shorter length scales than the experi-
ments in Ref. 20, it is likely that with a longer simulation
time that the results for single butanoic-acid molecule de-
composition would suggest further decomposition of the
bound species.

To further corroborate our simulations with these experi-
mental observations, we carried out annealing AIMD
simulations58 equilibrated at 500 K for butanoic-acid decom-
position models M-1, M-2, and M-3. Figure 10 shows poten-

tial energies of the three models during the first 350 time
steps of thermal annealing. Over this simulation time range,
each curve decreases and ultimately approaches an
asymptotic value after about 250 time steps. After 350 time
steps, the potential energy of M-3 is slightly lower than M-1,
but M-2 still has the highest energy. In addition, we con-
ducted a DFT energy minimization �at 0 K� and found the
same energy ordering: M-3�M-1�M-2, i.e., M-3 was the
most stable configuration followed by M-1 �1.02 eV higher�
and M-2 �5.41 eV higher than M-3�. In a parallel study, DFT
was used to simulate possible decompositions of ethanoic-
acid on Al�111� �see Ref. 37�. Ethanoic-acid is similar to
butanoic-acid, i.e., it has the same functional group as that of
butanoic-acid, with a shorter carbon backbone length. It was

(a)
(b)

(c) (d)

FIG. 8. �Color online� Dynamic decomposi-
tion pathway for butanol-alcohol on Al�111� at
selected time steps. Initial geometry is M-4 start-
ing at 300 K. �a� 40 steps; �b� 100 steps; �c� 250
steps; �d� 400 steps. Ion colors are red �O�, black
�C�, white �H�, and gray �Al�.

FIG. 9. Potential energy with simulation time step for butanol-
alcohol decomposition on Al�111�; M-4.

FIG. 10. �Color online� Effect of further annealing at 500 K on
potential energies for butanoic-acid decomposition on Al�111�.
Simulation results for M-1, M-2, and M-3 are compared.
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found that at very low temperatures �about 120 K�, decom-
position species of EA on Al�111� were attached via the
alkyl-chain through the carboxyl C ion. Oxidation of the sur-
face resulted from complete liberation of O ions from hydro-
carboxyl �O=C-OH� groups on the EA molecule. This is in
qualitative accord with the experimental results reported in
Ref. 21.

Chen et al.22,23 also carried out a comparative study for
the reaction of CH3OH with Al�111� using the same experi-
mental methodologies. They found that CH3OH physisorbed
on the surface in a molecular conformation at 90 K. When
heated up to about 143 K, a methoxy species �CH3O� formed
on Al�111�. At temperatures up to 900 K, the methoxy spe-
cies further decomposed, evolving CH4�g� and adsorbed C
and O species on the surface.

Another experimental study84 investigated alcohol mol-
ecules with a larger alkyl-chain than that of butanol-alcohol,
including the effect of addition of oxygen-rich solvents such
as H2O. When these were added into alcohol solution, H ions
were likely to dissociate from C ions before the molecule
reacted with the surface due to the very large difference of
electronegativity between O and H. This allowed easier lib-
eration of oxygen from the main alkyl-chain on the alcohol
molecule to oxidize the surface, plus attachment of the re-
sidual chain to the surface through its terminal C ion.

Figure 11 shows the final equilibrated configurations of
decomposition species for butanoic-acid and butanol-alcohol
on Al�111�. Here, Fig. 11�a� represents the butanol-alcohol
decomposition species in M-4. A butanol-alcoholate is ad-
sorbed on the surface in a unidentate coordination through
thermal equilibration. The dissociated H ion is adsorbed to
one Al ion. Figures 11�b� and 11�c� represent butanoic-acid
decompositions from models M-1 and M-3. The residual
alkyl-chains anchor to the surface in tridentate coordination
via their carboxyl C ions, with the OH group, and the disso-
ciated H and O ions interacting with surface Al ions.

E. Effect of initial molecular orientation on decomposition

The AIMD simulations were repeated in a set of ancillary
calculations that explored the effect of other initial molecular
orientations �relative to Al�111�� on decomposition. In the
first set, the initial molecular orientations resulted from ro-
tating those shown in Figs. 2�a�, 2�c�, 2�e�, and 2�g� through
180°. Rather than the functional group facing the Al�111�,
the CH3 end of each molecule pointed toward Al�111�. In all
simulations, both the butanoic-acid and butanol-alcohol mol-
ecules bounced off of Al�111� without decomposing. The
Al�111� surface plane, although momentarily distorted dur-
ing impact, relaxed back to a near planar configuration. By
the end of each simulation, the molecules had rotated such
that their functional groups were pointing toward the surface.
The final vertical distances between the functional groups
and the Al�111� surface plane ranged from 8–10 Å thereby
precluding any further interaction. Application of another
downward velocity to the rotated molecules in subsequent
simulations resulted in decomposition through the molecular
functional group following one of the pathways depicted in
Figs. 4–6 and 8.

In the second set of ancillary AIMD simulations, the ini-
tial molecular orientations resulted from rotating those
shown in Figs. 2�a�, 2�c�, 2�e�, and 2�g� through 90° �clock-
wise or counterclockwise� such that the carbon backbones
were aligned with the Al�111� surface plane. The butanol-
alcohol molecule once again bounced off of Al�111� without
decomposing. During its rebound from the surface, the mol-
ecule rotated such that its functional group was again point-
ing toward the surface at the end of the simulation. Interest-
ingly, the O-H group decomposed from the butanoic-acid
molecule. The remaining O ion in the fragment interacted
with a surface Al ion and the carboxyl C interacted with
another surface Al ion. To determine the energy of this de-
composed geometry, a 500 K annealing simulation was con-
ducted followed by a 0 K geometry optimization. A bridging
configuration resulted with the O ion in the fragment inter-

(a)

(b)

(c)

FIG. 11. �Color online� Final acid and alcohol decomposition
intermediates under AIMD thermal equilibration at 500 K. �a�
butanol-alcohol intermediate from M-4; �b� butanoic-acid interme-
diate from M-1; �c� butanoic-acid intermediate from M-3. Ion col-
ors are red �O�, black �C�, white �H�, and gray �Al�.
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acting with two surface Al ions, the carboxyl C interacting
with another two surface Al ions, and the remainder of the
fragment extending vertically above the surface. The final
energy of the system was 2.0 eV higher than that of the M-2
decomposition suggesting that an initial 90° orientation will
result in a higher energy intermediate. Similar conclusions
were reached from additional AIMD calculations where the
butanoic-acid molecule was rotated slightly about the axis of
its carbon backbone. Based upon these additional results, we
conclude that the lowest energy decomposition geometries
result when the functional group of each molecule first im-
pacts the surface. Rotation of a molecule through 90° relative
to the orientations in Figs. 2, or flipping the molecule so that
its CH3 end initially impacts the surface, leads to one of two
scenarios. No decomposition occurs since the molecule
bounces off of the surface and ends up far enough away from
the surface at the end of each simulation so as not to further
interact with it. Alternatively, decomposition occurs but re-
sults in an intermediate that is higher in energy than any of
those associated with the orientation in which the functional
group first impacts the surface. This latter scenario applies to
the butanoic-acid molecule in the initial 90° alignment and is
due to its electron-rich functional group.

F. ELF analysis of butanoic-acid/Al(111)

For the four models in Fig. 2, AIMD results suggest pos-
sible bonding configurations between the molecular frag-
ments that result from collision with Al�111�. The potential-
energy variations shown in Fig. 10 indicate that the binding
and decomposition are energetically favorable. However,
they offer no indication of electron localization upon disso-
ciation and hence no substantive proof of bonding between
the decomposed molecular species and the Al�111� slab. To
provide some additional insight into bonding, we computed
ELF contours in selected planes through M-1 �butanoic-acid�
and M-4 �butanol-alcohol� since these result in the energeti-
cally preferred decomposition species.

Figure 12 shows computed ELF contours in a plane per-
pendicular to the cell c axis at two positions relative to the
decomposed butanoic-acid fragment from M-1. The images
in Figs. 12�a� and 12�b� are “tipped” so as to provide a better
view of the ELF contours. We chose a configuration that is
intermediate to those of Figs. 4�c� and 4�d� to best facilitate
the ELF display with the ball-and-stick models that are sug-
gestive of the decomposition species on Al�111�. Figure
12�a� shows ELF contours through a subsurface layer in the
Al�111� slab. The molecular fragment, which projects up-
ward from the surface, is shown as interacting through three
surface Al ions �each labeled “Al”� via a C ion �labeled “C”�
in its backbone. The yellow-green regions intermediate to the
Al sites �gray spheres that are periodically positioned in the
ELF contour plane� suggest ELF�0.5 which is indicative of
metallic bonding in the Al. No indication of significant elec-
tron localization �or ELF�0.8 or higher� is noted. Figure
12�b� shows the same slice translated �along c� into a plane
between the carboxyl C ion �labeled C� and the three Al
surface ions with which it interacts. The peak ELF value
associated with the three contour lobes between the labeled

C ion and the surface Al ions �these fall beneath the plane
and hence are not visible in the figure� is 0.82 which is less
than that in the functional group of the isolated molecule.
This denotes electron localization and bonding between the
butanoic-acid fragment and Al�111�. The OH group is off to
the left of the butanoic-acid fragment and hence is not visible
in either Figs. 12�a� or 12�b�. The final reaction pathway that
leads to the configuration in Fig. 4�d� may be represented by
the following relation:

H3C-�CH2�2-COOH + 7Al → H3C-�CH2�2-C − 3Al + O

− 3Al + H-O-Al. �1�

Here, the decomposition products �on the right-hand side of
Eq. �1�� interact �primarily� with seven Al ions. The organic
fragment bonds with three Al ions as shown in Fig. 12�b�.
The lone O ion from the functional group of the butanoic-

(a)

(b)

FIG. 12. �Color online� ELF contours through the same slice at
two positions along the c axis of the simulation cell for M-1 de-
composition of butanoic-acid. Carboxyl C ion is labeled C and the
Al ions to which it bonds are labeled Al. �a� contour slice through
subsurface Al layer suggest ELF�0.5; �b� ELF=0.85 in orange
portion of the contour lobes between carboxyl C ion and 3 Al sur-
face, this denotes bonding between these species. Ion colors are red
�O�, black �C�, white �H�, and gray �Al�.
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acid molecule interacts with three Al ions as suggested by
three ELF contour lobes surrounding it in Fig. 12�b�. ELF
contours also confirmed that the decomposed OH group in-
teracts with a single Al ion �not shown in Fig. 12�b��. Note
that electron localization contours �not shown in Fig. 12�
suggest the following pathways for Figs. 5�d� and 6�d�, re-
spectively:

H3C-�CH2�2-COOH + 2Al → H3C-�CH2�2-C�2O�-Al

+ H-Al, �2�

H3C-�CH2�2-COOH + 10Al → H3C-�CH2�2-C-3Al

+ 2�O-3Al� + H-Al. �3�

G. ELF analysis of butanol-alcohol/Al(111)

Figure 13 shows ELF contours in an oblique plane �rela-
tive to Al�111�� that includes the O ion �red, labeled O� in the
butanol-alcohol fragment and a surface Al ion �gray� imme-
diately beneath it. The configuration shown was taken be-
tween those of Figs. 8�a� and 8�d� to facilitate the display. Of
immediate note is the red-orange contour lobe between the
two Al ions �a second subsurface Al ion is also labeled Al�
near the bottom of the image. For this region, ELF�0.85,
the ELF contour does not slice directly through the plane
including both Al atoms �the subsurface Al ion is in front of
the plane as shown�. This charge localization results from
electron transfer from the O ion to the Al surface and is
sometimes referred to as “back bonding.” This back bonding
has been predicted in DFT calculations involving Al and
alumina.40 A similar, but smaller lobe can be seen to the

immediate right of the Al surface ion to which is bonded the
O ion. The relevant reaction pathway is given as

H3C-�CH2�3-OH + 2Al → H3C-�CH2�3-O-Al + H-Al. �4�

No evidence of back bonding was noted from additional ELF
contours �not shown� of the decomposition configuration of
butanoic-acid shown in Fig. 12.

In general, ELF analysis suggests that the alkyl-chains of
the butanoic-acid and butanol-alcohol molecules are bonded
to the Al surface at the conclusion of each AIMD simulation.
We surmise that this will lead to the formation of effective
boundary layer lubricants provided that nothing disrupts
these configurations. The addition of other molecules will
create additive films that cover much more of the nascent Al
surface and perhaps strengthen the films through bonding
interactions that run across adjacent molecular fragments.
Each decomposed additive fragment can likely serve as a
molecular cap �similar to the VPA molecule investigated in
Ref. 37� that both lubricates the surface and possibly inhibits
migration of corrosive species into the oxide surface.

VI. SUMMARY

Ab initio molecular dynamics based upon plane-wave
DFT was used to explore decomposition pathways resulting
from impact of single butanoic-acid and butanol-alcohol
molecules on clean Al�111�. The residual alkyl-chain of the
butanoic-acid molecule initially reacted with Al via O ions in
each of the three decomposition pathways examined. This is
qualitatively consistent with experimental studies of similar
reactions of other longer-chain molecules with clean Al�111�.
At elevated temperatures �300–500 K�, the most favorable
decomposition species for the butanoic-acid molecule was
the attachment of the residual alkyl chain to the surface in a
tridentate coordination with surface Al ions �M-1�. This fol-
lows the loss of both O ions from the hydrocarboxyl �O
=C-OH� group, with one in an O-H group and the other
oxidizing the surface. Decomposition of the butanol-alcohol
molecule was found to oxidize the surface, forming an alco-
holate on the surface �in the absence of other additives�.
Contours of the ELF reveal electron transfer from the O ion
on the molecular fragment into the Al surface and subsurface
as evidenced from back bonding in the ELF contours. Addi-
tional initial molecular orientations were also explored in
which the molecules were rotated through 90° and 180° rela-
tive to the Al�111� surface plane. Two scenarios resulted
from these additional orientations. Either the molecules
bounced off of the Al�111� without decomposing, or, in the
case of the butanoic-acid with the 90° initial alignment, a
higher energy decomposition intermediate resulted. The
AIMD simulations therefore lead to the conclusion that the
lowest energy decomposition pathways result when the func-
tional groups of the molecules initially impact the surface.
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