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ABSTRACT: We report a computational study on the chemical bonding of
phosphonates and carboxylates to aluminum oxide surfaces and how the binding
properties are related to the amount of water in the experimental environment. Two
different surface structures were used in the calculations in order to model representative
adsorption sites for the phosphonates and carboxylates and to account for the
amorphous nature of the hydroxylated AlO, films in experiment. For the phosphonates,
we find that the thermodynamically preferred binding mode changes between mono-,
bi-, and tridentate depending on the surface structure and the amount of residual water. For the carboxylates, on the other hand,
monodentate adsorption is always lower in energy at all experimental conditions. Phosphonates are more strongly bound to
aluminum oxide than carboxylates, so that carboxylates can be replaced easily by phosphonates. The theoretical findings are
consistent with those obtained in adsorption, desorption, and exchange reactions of n-alkyl phosphonic and carboxylic acids on
AlO, surfaces. The results provide an atomistic understanding of the adsorption and help to optimize experimental conditions for

self-assembly of organic films on aluminum oxide surfaces.
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B INTRODUCTION

Self-assembled monolayers (SAMs) of organic molecules on
oxidized metals or semiconductors (usually aluminum or
silicon) are gaining importance as functional components of
low-voltage electronic devices."™® Their main advantages are
that they provide excellent insulating dielectric layers despite
their thinness and that the self-assembled monolayer can be
fabricated by a simple dipping or printing technique."’
Recently, field-effect transistors have been reported in which
both the insulating dielectric and the semiconductor layer are
incorporated into the molecules that make up the SAM, thus
allowing the two functional layers to be produced in a single
step.® ' Fabricating such devices requires close control of the
characteristics and structure of the SAM, including producing
SAMs that consist of mixtures of molecules."' ™ In order to
achieve this control, we need to understand the thermody-
namics and structural aspects of binding typical SAM molecules
to the oxidized surface. Several different binding modes have
been proposed and discussed, but mechanistic knowledge on
exchange reactions is still limited.'® We now report a theoretical
study of the binding of alkyl phosphonates and carboxylates to
aluminum oxide surfaces. Functionalized phosphonates and
carboxylates have been used extensively for SAMs in devices
and provide two alternative types of anchor group that bind
with differing strengths, so that SAMs can be tailored by, for
instance, displacing carboxylates in a preformed SAM with

-4 ACS Publications  © 2013 American Chemical Society

6073

phosphonates as shown in recent experiments. This approach
was used to demonstrate a continuous shift in threshold voltage
in organic transistors as a function of the different dipolar
natures of the SAM molecules and their composition ratios.'”

B COMPUTATIONAL METHODS

Density-Functional Theory Calculations. Density-functional
theory (DFT) calculations were performed in the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional,"® Vanderbilt ultrasoft pseudopoten-
tials,'” and a plane-wave basis set expansion of the electronic wave
functions with a kinetic energy cutoff of 25 Ry as implemented in the
PWicf code of the Quantum Espresso software package.*’

The aluminum oxide (0001) surfaces were represented by periodic
slabs constructed from the thermodynamically most stable a-Al,O,
phase (corundum). In the bulk, each Al is octahedrally coordinated by
six oxygen atoms, whereas all oxygens have four Al nearest neighbors.
The corundum hexagonal unit cell contains six formula units of Al,O;.
With our computational setup, we obtain bulk lattice constants of a =
4.815 A and ¢ = 13.142 A, which are in very good agreement with
experimental values.”" The periodic slabs were separated by a vacuum
region of about 20.2 A perpendicular to the surface plane, and the
theoretical lattice constants were used for the lateral extension of the
slabs. The slab thickness was determined by calculating the surface and
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adsorption energies of water for several slabs with varying number of
aluminum oxide layers. The slab consisting of three Al—O;—Al triple-
layers proved to be sufficient for obtaining well-converged results and
was thus used as initial configuration for the construction of our
hydroxylated model surfaces (see below). Of the three triple-layers,
only the upper four atomic layers were allowed to relax, whereas the
atoms in the bottom five layers were kept fixed at their bulk positions
to simulate the properties of the underlying extended aluminum oxide
bulk. Geometries were optimized until all components of the atomic
forces were smaller than a threshold of S meV/A. For slabs with a
primitive (1 X 1) surface unit cell, the Brillouin zone was sampled over
a6 X 6 X 1 k-point grid. The k-point density was reduced to 3 X 3 X 1
for the slabs with a larger (2 X 2) unit cell.

The main interest of our computational study is to identify the
fundamental binding mode of phosphonic and carboxylic acids on
aluminum oxide in the limit of isolated molecules. Therefore, we
replaced in our calculations the longer alkyl chained molecules n-
octadecylphosphonic acid (C;3—PA) and stearic acid (C,,—CA) (see
Figure 8b) used in the experiments by the simpler molecules methyl
phosphonic acid and acetic acid. The molecular reference energies of
isopropanol (IPA), water (W), methyl phosphonic acid (PA), and
acetic acid (AA) for the calculation of adsorption energies and our
thermodynamic analysis were obtained by optimizing each molecule in
a cubic box with dimension of at least 13.5 A%,

Model Surface Structures. The thermodynamically most stable
water-free a-Al,05(0001) surface has a (1 X 1) periodicity and is
terminated by a layer of Al atoms. Each surface Al atom is coordinated
to three oxygen atoms in the subsurface layer. The surface structure is
formally obtained by cutting the hexagonal unit cell perpendicular to
the c-direction. This Al-terminated surface is found experimentally
under ultrahigh-vacuum (UHV) conditions®* and has been shown to
be unexpectedly stable toward oxygen in the absence of hydrogen®
due to the inability of AI** to oxidize further.”* We term this structure
(1 x 1)-Al and use it as reference for the calculation of formation
energies of adsorbate structures on different hydroxylated aluminum
oxide substrates.

In the presence of both oxygen and hydrogen, i.e., water, the surface
is highly reactive because of its partially coordinated surface Al atoms
and becomes hydroxylated.**> This will be the case under the
experimental non-UHV conditions at which the organic SAMs are
prepared. To mimic representative structural motives of the
hydroxylated aluminum oxide layers as they are prepared in the
experiments, we considered two different water-saturated model
surface structures in our calculations.

The first hydroxylated aluminum oxide model surface structure is
derived by saturating the (1 X 1)-Al surface with water from air
moisture to account for the experimental ambient conditions. The
appropriate degree of hydroxylation was determined by placing an
increasing number of water molecules in varying configurations on the
surface and relaxing the structure. Because the terminal Al atoms
(denoted as Al,,¢) on (1 X 1)-Al are coordinated to only three surface
oxygen atoms (Oy,) compared to the 6-fold coordination of Al in
bulk a-Al,O;, we considered each Al to be able to coordinate up to
three water molecules. The water molecules were placed on the
unrelaxed (1 X 1)-Al surface directly after cutting the bulk unit cell.
Prior optimization of the bare surface would lead to significant
structural relaxations of the surface atoms>® which are largely reversed
by the adsorbed water molecule.

The adsorption of the first water molecule on (1 X 1)-Al is strongly
exothermic. The molecule dissociates spontaneously in the geometry
optimization, with the hydroxyl group binding to Al and the proton
Hygy to one of the three oxygen atoms Oy, coordinated to Al The
three Oy, atoms are not equivalent, but different choices of the Hy,
binding site lead to changes in the total energy of only a few meV or
less and can be neglected. The energy gain for adsorption of a second
and third water molecule is much smaller. Only the second water
molecule is able to coordinate to an Al The third water molecule is
integrated into a hydrogen bonding network, and its binding energy
has reached a value that corresponds to the cohesion energy in liquid
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27 Lo
water.”” Molecular adsorption is now much more favorable.

Dissociation is only observed for the first adsorbed water molecule.

In this study, we focus on the surface structure with one adsorbed
water molecule per (1 X 1) surface unit cell. For the calculations of the
isopropanol, methyl phosphonic acid, and acetic acid adsorption
properties, the (1 X 1) slab was doubled in both directions parallel to
the surface. This (2 X 2)-Al-4W configuration, which contains four
dissociated water molecules, is shown in Figure la.

Figure 1. Top and side view of (a) the (2 X 2)-Al-4W surface and (b)
the (2 X 2)-OH-6W surface together with the different binding
positions s, , ;. Hydrogen atoms are shown in white, oxygen in red, and
aluminum in gray. The same color coding is used in all other figures.

The thermodynamic ground state of the a-AL,O5(0001) surface
under moist environmental conditions, however, is not the (2 x 2)-Al-
4W structure but a reconstructed surface with a termination of a layer
of hydroxyl groups.”® This surface structure is formally obtained from
(1 X 1)-Al by removing the terminal Aly,; and saturating the vacant
surface O atoms with hydrogen.”® The result is again a stoichiometric,
oxidized surface as can be seen in the following way: first, we double
the unit cell of the water-free (1 X 1)-Al surface in both directions.
The top two surface layers in the (2 X 2)-Al unit cell now contain four
Al and twelve O. Then, we remove two Al,O; formula units, thereby
creating six vacant O sites. Finally, six water molecules are dissociated.
The OH groups fill the vacant O sites, and the dissociated Hy, adsorb
on the remaining Oy

4(0,AD)™ + 6H,05° — 2(A1,0,)™" + 12(OH)™" (1)

This OH-terminated pseudo gibbsite (2 X 2)-OH-6W surface (see
Figure 1b) is the thermodynamically most stable configuration of a-
AL,0;(0001) in contact with water for a wide range of experimentally
accessible water chemical potentials (see Supporting Information).
This structure was therefore used in previous theoretical studies of
phosphonic acid adsorption on aluminum oxide.”*° However, for the
formation of the reconstructed (2 X 2)-OH-6W surface structure, the
kinetic hindrance caused by the movement of two Al,O; units is not
easily overcome. Such drastic reconstruction of the surface has not
been observed under conditions of low humidity, and an Al-terminated
hydroxylated surface is believed to be the favored configuration in this
case.”® In our calculations, we therefore considered both structures, (2
X 2)-Al-4W and (2 X 2)-OH-6W, since both represent important
structural motives that are dominantly present on the Al,O; wafers
used in the experiments.®'

Thermodynamic Analysis. The thermodynamically most favor-
able surface and adsorbate structure at given temperature and pressure
conditions minimizes the Gibbs free surface energy Ay(T,p). The
Gibbs free surface energy can be determined from DFT total energies
by relating DFT formation energies ES& of different configurations to
changes in the chemical potential Ay, of the adsorbed species,32 where
x = IPA, W, PA, and AA for isopropanol, water, methyl phosphonic
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acid and acetic acid, respectively. For our surface structures, Ay(Tp) is
given by

= Y ndn)
2o 2)

where Eppy is the difference in total energy of a specific surface
configuration E??E(Z)(”A]Zo})nx) and the sum of total energies of the

I' rm
Ay(T, P) = X(Elf)oFT

relaxed water-free reference surface Eilfgl)_m and the amount n, of the
various adsorbed molecules E™:
form __ rslab
Eper = E(sz)(nAlzoy ”x)

slab bulk
= (4E(Sn-a + ma0,Ealo,

+ n.E" ol
; 3)

The term "AlzozERiHc(g takes into account that we have to remove an

appropriate number of AL,O; units from water-free Al-terminated (1 X
1)-Al when the fully hydroxylated (2 X 2)-OH-6W surface is formed,

with E}’\'le]é} being the total energy of the bulk hexagonal unit cell per

Al,O; formula unit. Alternatively to the formation energy of a surface
structure, it is also instructive to consider the adsorption energy of an
individual molecule of species x on one of our two model surface
structures. For the (2 X 2)-Al-4W and (2 X 2)-OH-6W surface, the
adsorption energies are given by

ad slab slab mol mol

Epaw = E(zxz)(A"wr ”x) - (E(zxz)-Al-4w + AnwEy” + n,E,
(4)
and

ad slab

Eon.ew = E(zxz)(A”Wr "x)
slab mol mol
= (EQx)-on-w + AnygER” + n.E} (5)

respectively, where Anyy is the change in the number of adsorbed
water molecules compared to the initial model surface structure and n,
is always equal to one in the present study.

Phase diagrams describing the stability of different adsorbate
structures are directly accessible from eq 2 by plotting Ay(T,p) as a
function of Ay,. In this study, we will only consider Ay, < 0, since for
positive values of Ay, it would become thermodynamically favorable
to form condensates of species x on the surfaces. The chemical
potentials Ay, can be related to temperature and pressure conditions
in order to link the calculated phase diagrams to specific experimental
environments. The temperature and pressure dependence of Ay, is
tabulated in thermochemical tables.*® The chemical potential of liquid
water at ambient conditions is Apy (293 K,1 bar) = —0.57 eV.>* Since
we are especially interested in the stability of the SAMs under liquid
water conditions, this value is indicated in the adsorption phase
diagrams by a vertical line.

B EXPERIMENTAL METHODS

In order to investigate the self-assembly of alkyl phosphonates and
alkyl carboxylates on aluminum oxide surfaces, the static contact angle
(SCA) of water on the SAM-terminated surfaces was measured as a
function of immersion time in SAM solution. The substrates were
fabricated by thermal evaporation of 30 nm aluminum on p-silicon
substrates with a rate of 2.5 A/s at pressures below 2:107° mbar,
followed by an oxygen plasma treatment at pressures of 0.2 mbar for 2
min (Diener Electronic Pico, 200 W) to yield an aluminum oxide layer
(AlO,) of approximately 3.6 nm thickness.*® Subsequently, C,,—CA or
C,3—PA were self-assembled from IPA solutions using concentrations
of 1 mM for C;,—CA and 0.05 mM for C;3—PA. Long alkyl-chained
molecules were chosen to generate a strong contrast in SCA
measurements. Substrates were removed after specific times (between
1 min and 3 days), and the surfaces were gently rinsed with pure IPA
and dried at 60 °C on a hot plate for 3 min. Static contact angles of
H,0 were measured using a contact angle system OCA from
Dataphysics in sessile drop mode with a drop volume of 2.0 uL.
Desorption experiments were performed by immersing the SAM-
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decorated substrates in pure IPA and recording the SCA values as a
function of immersion time. Exchange-reaction experiments were
performed by immersing the SAM-decorated substrates in a solution
of the molecule with the alternative anchor group in IPA for 3 days. In
order to increase the difference in SCA values, we chose a solution of
0.05 mM partially fluorinated phosphonic acid 12,12,13,13,-
14,14,15,15,16,16,17,17,18,18,18H-pentadecafluoro-octadecyl phos-
phonic acid (F;5C;5—PA) in place of C;y—PA.

B COMPUTATIONAL RESULTS

Solvent Coverage. In the experiments, phosphonic and
carboxylic acid are deposited from a solution of the acids in
nominally dry IPA, so that the Al,O; wafers only come into
contact with moisture from the air and residual water in the
solvent.”*® In a first step, we therefore tested whether IPA
adsorbs on Al,O; using calculations similar to those for the
adsorption of water. From the results, we determined a two-
dimensional phase diagram of the thermodynamic stability of
adsorbed IPA on (2 X 2)-Al in the presence of water (see
Figure 2).

0 — ,
4W+2IPA
05 4IPA * 7
S
3t
<C
o .10} i
a3
<
15 i
bare 4W 8W
.2.0_H:0poor BN HOrich |
3.0 2.5 2.0 15 -1.0 -0.5 0
Apy [eV]

Figure 2. Surface phase diagram of mixed IPA and water (W)
adsorption on (2 X 2)-Al

The DFT calculations show that on the water-free (2 X 2)-Al
surface IPA molecules adsorb and dissociate similarly to water
but with a lower energy gain. As expected from the higher pK,
value (16.6 for IPA,>” compared to 14.0 for water), IPA is able
to displace all adsorbed and dissociated water molecules only at
rather high IPA and low water chemical potentials. Mixed IPA/
water phases are possible at intermediate chemical potentials;
however, in the most important region describing liquid IPA/
water conditions (Au > —1 eV), water adsorption dominates.

To determine the IPA/water surface coverage to be expected
under the conditions of the present experiments, we provide a
rough estimate of the corresponding chemical potentials. Agy
and App, depend on temperature and the amount of water
and IPA in the environment. For mixtures of substances, we can
apply the formula Ay, = Au™ + kyT In(a,), where a, is the
activity of substance x. Commercially available IPA contains
residual water in the range of 0.003 vol % up to 0.5 vol %.>*’
When working with anhydrous IPA, Raoult’s Law can be
applied for the activity coefficient of IPA (y;p, = 1), and the
activity of IPA is equal to its amount fraction. The activity
coefficient of water in IPA is available from experimental data*’
down to a water amount fraction of x,, = 0.1505. We
extrapolated the water activity coefficient to a residual water

dx.doi.org/10.1021/am4008374 | ACS Appl. Mater. Interfaces 2013, 5, 6073—6080
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content of 0.003 vol %, which gave yy’*> = 4.0846. This shifts
Aptyy with respect to the value of liquid water (at ambient
conditions) by —0.19 eV, so that the chemical potential of
water in the present experiments is in the order of Auj®” =
—0.76 eV.

To estimate the chemical potential of pure liquid IPA, we
consider IPA to have a similar but weaker reactivity toward the
surface than water. We consider this change in reactivity to be
reasonably covered by the different pK, values of the
substances, so we take the Auyy value for liquid water times
the fraction of the pK, values of IPA and water and estimate the
chemical potential of IPA to be about App, = —0.66 €V.

At these chemical potentials, we are very close to the phase
boundaries where the surface coverage changes from two to
one adsorbed molecule per surface unit cell and where IPA
starts to displace water from the surface (see Figure 2). For
simplicity, we neglected in the calculations a possible exchange
of water by IPA, and the low humidity conditions in the
experiment led us to choose the (2 X 2)-Al-4W configuration
for our study of PA and AA adsorption. However, it should be
kept in mind that structures with water substituted by IPA
might have a similar thermodynamic stability. Furthermore, in
the course of our adsorption studies, the stability of higher
water coverage was frequently probed (see Supporting
Information).

Adsorption of Phosphonic Acid (PA) on (2 X 2)-Al. The
(2 X 2)-Al-4W surface provides four identical binding sites for
PA, which can therefore bind in a monodentate (m), bidentate
(b), or tridentate (t) manner to the surface. In addition,
interactions between PA and the surface via hydrogen bonds
before or after covalent bond formation are possible. While
mono- and bidentate bonds to the surface are formed by
recombination of a water molecule via protonation of a surface
OH group by PA (see Figure 3a), the third bond in the

Ij—O' O
OH OH
H Alsurf/ H Alsurf/
0 diss | diss |
su
(b) |
Py
Al - O(TJ Algyri”™ OH
0 Hdisssurfl Al Hdisssurfl
surf

Figure 3. Schematic view of PA bonding to hydroxylated Al,O;
surfaces. (a) Monodentate PA bonds are formed by recombination of a
surface hydroxyl group with an acidic PA proton and elimination of a
water molecule. Similarly, bidentate PA bonding occurs via elimination
of a second water molecule. (b) After transfer of an Hy to a surface
hydroxyl group and release of a third water molecule, PA can bind in a
tridentate fashion.

tridentate binding mode is found to be formed when a
dissociated water molecule reassembles in order to provide an
empty adsorption site for the oxygen atom from the PA
molecule (see Figure 3b). We have investigated all three types
of PA bonding. Several orientations of the PA molecules and
possible hydrogen bonds as well as different amounts of
adsorbed water were taken into account (see Supporting
Information). Hydrogen bonding to the surface was not defined
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explicitly but is an inherent part of the interactions between
acid and surface.

In the following, we report only those structures that appear
as thermodynamically stable configurations in the surface phase
diagrams (see Table 1 and Figure 4). Configurations are labeled

Table 1. Formation and Adsorption Energies (in eV) of
Stable PA and AA Configurations on (2 X 2)-Al-4W

configuration Elom, I
(2 X 2)-Al3W-1PA,, —-6.95 -1.08
(2 X 2)-Al-4W-1PA, —7.57 —1.69
(2 X 2)-AL3W-1AA,, —6.10 —023
(2 X 2)-Al4W -5.87 0

2x2-Al-8W-1PA,

2x2-Al-4W-1PA,,

Figure 4. Surface phase diagram for PA adsorption. Top: The two
most stable configurations of PA on (2 X 2)-Al are (2 X 2)-Al-3W-
IPA,, and (2 X 2)-Al-4W-1PA;. Bottom: The two most stable
configurations of PA on (2 X 2)-OH are (2 X 2)-OH-3W-1PA, ; and
(2 X 2)-OH-SW-1PA,, ;. The horizontal dashed line denotes (2 X 2)-
Al; the sloped dashed lines denote (2 X 2)-Al-8W and (2 X 2)-OH-
6W, respectively.

according to their water content and PA binding mode
(subscript). Figure 4 shows that the configuration (2 X 2)-Al-
3W-1PA,, with monodentate PA bonding to the surface after
removing one adsorbed water molecule is most stable over a
broad range of Apy. At higher water chemical potential, the
formation of the bidentate (2 X 2)-Al-4W-1PA, is preferred.
This is the most stable structure if the system is exposed to
liquid water at ambient conditions, as indicated by the vertical

dx.doi.org/10.1021/am4008374 | ACS Appl. Mater. Interfaces 2013, 5, 6073—6080
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gray line at —0.57 eV in Figure 4. This means that single PA
molecules on these surfaces in the (2 X 2)-Al-4W-1PA,
configuration cannot be removed by water.

Adsorption of phosphonic acid (PA) on (2 x 2)-OH.
The fully hydroxylated (2 X 2)-OH-6W surface exhibits three
different binding sites s,, s,, and s; (see Figure 1b) that differ in
the distance of the first subsurface Al atom from the top OH
layer and in the tripodal orientation of the OH groups around
the Al atom.” This leads to different energies for bi- or
tridentate linkages at the three sites, while the binding energy
for the monodentate adsorption is essentially independent of
the type of site (see Table 2 and Supporting Information). The

Table 2. Formation and Adsorption Energies (in eV) of
Stable PA and AA Configurations on (2 X 2)-OH-6W

configuration Jron B o
(2 X 2)-OH-SW-1PA,, —9.05 —0.30
(2 X 2)-OH-SW-1PA,,, —9.01 —026
(2 X 2)-OH-SW-1PA,, ;; —9.07 -0.32
(2 X 2)-OH-3W-1PA,; -772 1.03
(2 X 2)-OH-SW-1AA,,, -833 043
(2 X 2)-OH-SW-1AA,,, -8.57 0.19
(2 X 2)-OH-SW-1AA,, ; —8.44 031
(2 X 2)-OH-6W -8.75 0

phase diagram (see Figure 4) shows that tridentate
coordination is accessible only on s; at low water chemical
potentials, while the mono- and bidentate coordination patterns
are the only means of binding to s; or s,, Monodentate
coordination is the most stable configuration on s, and s, over a
broad range of experimentally accessible Agy. Apart from the
shift from tri- to monodentate linkage on s;, changes in the
water chemical potential do not affect bonding of PA on (2 X
2)-OH-6W. Monodentate coordination of PA on the surface is
stable in liquid water under standard conditions.

The PA molecules arrange on the surfaces in ways that
resemble the corresponding crystal structure of aluminum
oxide, i.e., the oxygen atoms of the anchor groups move to sites
that would be occupied by oxygen atoms in the Al,O; bulk. The
deviations from these positions are small, and especially on the
OH-terminated surface, PA molecules fit perfectly into the
terminating surface layer, which accounts for the high stability
of PA on this type of surface.

The combined phase diagram for (2 X 2)-Al and (2 X 2)-OH
(see Figure 4) gives insight into the change of PA bonding on
the different surface types under varying conditions. Bonding
depends on the humidity of the environment. On (2 X 2)-Al
surfaces, the dominant monodentate bonding changes to
bidentate bonding for higher Agy. On (2 X 2)-OH surfaces,
PA is expected to bind to all three binding sites s;,; in a
monodentate manner for a large range of Ay, but is capable of
binding to s; in a tridentate manner if Apuyy is lowered. This
result shows the importance of thermodynamic analysis for
understanding and predicting bonding configurations: From
the pure DFT values in Table 2, tridentate bonding would not
be a stable configuration. Only the phase diagram makes it clear
that a change from monodentate to tridentate bonding is
favorable under experimental accessible conditions, i.e.,
anhydrous IPA as solvent. Considering that both surface
models could be present on the AlO, layers used in the
experiment, it becomes clear why it is so hard to give definite
statements on the bonding of phosphonic acids by experi-
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ments.*"** Different bonding types are stable on the different

surfaces under the same experimental conditions, and they
strongly depend on the amount of water in the environment.

Adsorption of Acetic Acid (AA) on (2 x 2)-Al. In
contrast to PA, AA can only bind in mono- or bidentate fashion
to the surface. While monodentate coordination is possible by
etching a surface hydroxyl group (see Figure Sa), again
reassembly of a dissociated water molecule by mediation of
the carboxyl oxygen is needed for bidentate linkage (see Figure
Sb).

Ij—O’ (0]
OH OH
H Alsurf/ H Alsuﬁ/
o diss | diss |
su
(b) |
_Cs
AP (\/‘OH
H Alsyrt H Asurf
0 diss | diss |
surf

Figure 5. Schematic view of AA bonding to hydroxylated Al,O;
surfaces. (a) Monodentate AA bonds are formed by recombination of
a surface hydroxyl group with an acidic AA proton and elimination of a
water molecule. (b) After transfer of an Hy, to a surface hydroxyl
group and release of a second water molecule, AA can bind in a
bidentate fashion.

In general, the adsorption energy for AA on (2 X 2)-Al-4W is
significantly lower than for PA (see Table 1 and Supporting
Information). The difference in the adsorption energies
between AA and PA for monodente bonding shows that AA
is generally less stable toward water and that the back reaction
of dissolution and hydroxylation of the binding site requires a
smaller shift of the chemical potential. This is expected from
the higher pK, of AA (4.77") compared to PA (2.41 for
RPO(OH), and 7.54 for RPO,0H).”* The calculated phase
diagram (see Figure 6) shows that monodentate coordination is
the only stable configuration for binding on (2 X 2)-Al under
the experimental conditions. In contrast to PA, AA is detached
from the surface at higher water chemical potential. AA does
not form stable layers in liquid water at ambient conditions and
thus can be easily washed off the (2 X 2)-Al surface.

Adsorption of Acetic Acid (AA) on (2 x 2)-OH. AA
prefers monodentate coordination to the (2 X 2)-OH-6W
surface over the full range of the water chemical potential. The
three different binding sites give very similar binding energies
for monodentate coordination (see Supporting Information).
During geometry optimization, s,-bound AA shifted the bond
from Al to Al as the s,-binding carboxyl oxygen is close to
the neighboring Al;;. This might result in slightly less repulsion
from the other oxygen and more flexibility in H-bond
formation. Apart from this bond change, AA remained close
to the s, configuration, which is more important than the
specific Al , site to which AA binds, as it is in the nature of the
surface oxygen atoms of (2 X 2)-OH to bridge between the
topmost Al atoms, i.e., Al;; and Aly,, and changes in AA position
of only 0.3 A change the site of the bond. One should consider
here that both Al and Al,, are only partially coordinated due
to the etching of surface hydroxyl by AA prior to bonding.

dx.doi.org/10.1021/am4008374 | ACS Appl. Mater. Interfaces 2013, 5, 6073—6080
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2x2-Al-3W-1AA, 2x2-OH-5W-1AA, < d

10 HZIO poor
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Figure 6. Surface phase diagram for AA adsorption. (2 X 2)-Al-3W-
1AA,, is the most stable configuration of AA on (2 X 2)-Al, and (2 X
2)-OH-SW-1AA,,, is the preferred binding mode of AA on (2 X 2)-
OH. The horizontal dashed line denotes (2 X 2)-Al; the sloped dashed
lines denote (2 X 2)-Al-8W and (2 X 2)-OH-6W, respectively.

The prospective bidentate coordination of AA is not
observed in the calculations. For all three binding sites,
structural relaxations starting from bidentate coordination
geometries ended as carbonate-like structures (see Figure 7)

Figure 7. Carbonate-like structure of adsorbed AA on (2 X 2)-OH-
6W. (a) Side view and (b) top view showing the first (A) and second
(B) binding site of AA. Oy, denotes a deprotonated surface hydroxyl

group.

with deprotonated surface oxygen (denoted O,y in Figure 7).
Deprotonated surface oxygen is available because a proton from
the nearby surface hydroxyl group containing Oy, was
transferred to the hydroxyl group at site B. Water is released
(see Figure Sb), and a second binding site becomes available
(denoted as B in Figure 7). The detailed phase diagram for the
adsorption of AA on AlO, (see Figure SS in the Supporting
Information) suggests that the carbonate-like structures can
only form for very low Ay, and therefore should not play a
role under standard experimental conditions. In contrast to the
results obtained on (2 X 2)-Al, monodentatedly coordinated
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AA is found to be stable toward liquid water on (2 X 2)-OH-
6W on all three binding sites.

The combined phase diagram for the two aluminum oxide
surfaces (see Figure 6) shows the overall higher stability of
monodentatedly coordinated AA on (2 X 2)-OH-6W
compared to adsorption on (2 X 2)-Al. As with PA, oxygen
from AA anchor groups integrate into the hydroxyl layer on (2
X 2)-OH. On (2 X 2)-Al, the bond to the surface is
perpendicular to the surface plane and the remaining carboxyl
oxygen forms a hydrogen bond to Hg, instead to a neighboring
hydroxyl group. This is due to the shorter length of the CO
bond in AA (1.25 A) compared to PO bonds in PA (1.50 A)
and the shorter bond length of AA to the surface (1.34 A,
compared to 1.58 A for PA), which prevents the formation of
hydrogen bonds to hydroxyl groups. The lower binding energy
of AA compared to PA on both surfaces (see Tables 1 and 2)
shows that, in a competing situation between both acids,
binding of PA would be favored over AA and that exchange of
carboxylates with phosphonates is thermodynamically possible.

B EXPERIMENTAL RESULTS

Adsorption on AlO, Surfaces. In order to confirm the
theoretical results from the phase diagram calculations, we have
investigated the adsorption of IPA, Cs—PA, and C,,—CA on
AlO, surfaces created by O, plasma treatment directly from
thermally evaporated Al layers. The morphology of converted
or deposited AlO, layers is amorphous compared to a-Al,O;
but provides on average comparable binding sites and
represents the practical surfaces used in devices."*'® The
average surface roughness of rms = 1.00 nm was determined by
AFM measurements on a 10 ym X 10 gm area. The adsorption
to self-assembled monolayers of those molecules can be tracked
easily by measuring the static contact angle (SCA) of water,
which relies on a difference between the SCA values of the
starting surface and the SAM. However, several other methods
have been used in the past to prove the validity of the SCA
measurements, e.g., XPS, AFM, SFG, and electric data from
devices."'>'>'73* Typically, a plasma-generated AlO, that has
been exposed to ambient air (terminated with OH-groups)
exhibits an SCA value of <20° (Figure 8c) because of the high
surface energy of >50 mN/m."> After storing the surface in IPA
for 1 day, the SCA value increases to 39°, indicating coverage
by the more hydrophobic alcohol (Figure 8d). The time-
dependent adsorption of C;3—PA and C;,—CA is shown in
Figure 8a. The adsorption follows a typical Langmuir isotherm
to saturation to a densely packed monolayer in both cases. The
similar n-alkyl chain compositions of C;3—PA and C;,—CA
mean that the SCA values are very similar after 4320 min (3
days) with 108° (Figure 8f) and 105° (Figure 8e), respectively.
However, while the C,;3—PA saturates within 15 min, the
increase in SCA value of C;,—CA is much slower and
saturation occurs only after 3 days. The effect is even stronger
considering that the concentration of C;,—CA is 200 times
larger than that of C;g—PA.

This clearly indicates that the adsorption of phosphonates is
faster than that of carboxylates with comparable molecular
structure. These results also show that a weakly interacting
molecule (e.g, IPA) can easily be exchanged by a stronger
binder (PA or CA), even when available in large excess (IPA as
solvent).

Desorption. The self-assembly of molecular monolayers on
surfaces in solution can be described as an interplay of adsorbed
and desorbed molecules in which the densely packed SAM
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Figure 8. (a) Time-dependent adsorption behavior of n-octadecylphosphonic acid (C;g—PA) and stearic acid (C;,—CA) on an AlO, surface
monitored by static contact angle measurements. (b) Chemical structure of Cg—PA (red) and C;,—CA (green). (c—g) Wetting behavior of water

on AlO, surface terminated with OH, isopropanol, and SAMs.

represents the equilibrium state. The stability of a SAM in a
pure solvent (without solute C;,—CA or C;3—PA) can disturb
this equilibrium, and desorption could become a significant
process. The qualitative difference of desorption of two
comparable molecules with different anchor groups allows
conclusions about the binding strength. The SAMs of C;s—PA
and C;;—CA on AlO, surfaces were stored for 150 h in pure
IPA. The SCA value of the substrate with C;—PA remained
virtually constant at 108°, but that of the C;;—CA sample
decreased to 61% of the initial value, indicating that
phosphonates bind faster and stronger than carboxylates.

Exchange. In order to investigate the exchange of adsorbed
carboxylates by phosphonates by SCA measurements, we used
a phosphonate of comparable chain length but with a partially
fluorinated alkyl chain (F;sC,4—PA). SAMs of F;;C,s—PA
exhibit even lower surface energy (9.3 mN/m) than C;3—PA
(20 mN/m) and have a larger SCA value of 122°. Exchange
experiments show that, after storing the C,,—CA coated sample
in a 0.05 mM solution of F;;C;3s—PA in IPA, the SCA value
increased from 106° to 122°. The cross experiment (F;sC;s—
PA SAM in a C;,—CA solution) does not lead to a change in
the SCA value of 122°. This indicates that phosphonates can
exchange carboxylates but not vice versa.

B CONCLUSIONS

Bonding energies and geometries of acetic acid and methyl
phosphonic acid on an Al-terminated and an OH-terminated
AL,0;(0001) surface were investigated by DFT calculations and
thermodynamic analysis. Calculations were accompanied by
experiments to confirm the results. AA and PA served as
models for stearic acid and n-octadecylphosphonic acid,
respectively, which were used experimentally to prepare
SAMs on AlO,. The use of two different surface models was
deemed necessary as the specific structure of the AlO, films in
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the experiments is not well-defined. While the Al-terminated
surface may be present due to the manufacturing process, the
OH-terminated surface is thermodynamically more stable.

PA is predicted to bind more strongly to either surface than
AA: on (2 X 2)-Al surfaces in a monodentate fashion or on (2
X 2)-OH surfaces in a mono- or tridentate manner depending
on Apyy. AA is predicted to bind to either surface type in a
monodentate manner. While PA is predicted to be generally
stable against water on both surfaces, AA is stable only on (2 X
2)-OH. Both the different binding of PA on (2 X 2)-OH and
the adsorption of AA emphasize the necessity of thermody-
namic analysis. Both the bond change and the stability of
adsorbed AA would not be clear from DFT results alone.

SCA measurements show a successful coating of AlO, with
IPA, C;;—CA, or C;3—PA. A change in the contact angle for
IPA may indicate (2 X 2)-Al type areas as mixed phases are
predicted by the calculations. On the other hand, partial
desorption of C;,—CA from a coated sample could equally be
an indication for (2 X 2)-OH type areas. Exchange of C;,—CA
by C,3—PA is suggested by the calculations and was confirmed
by the experiments.
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