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ABSTRACT: The modification of magnesium implants with functional organic
molecules is important for increasing the biological acceptance and for reducing
the corrosion rate of the implant. In this work, we evaluated by a combined
experimental and theoretical approach the adsorption strength and geometry of
a functional self-assembled monolayer (SAM) of hydrolyzed (3-aminopropyl)-
triethoxysilane (APTES) molecules on a model magnesium implant surface. In
time-of-flight secondary ion mass spectrometry (ToF-SIMS) and X-ray
photoelectron spectroscopy (XPS), only a minor amount of reverse attachment
was observed. Substrate—O—Si signals could be detected, as well as other
characteristic APTES fragments. The stability of the SAM upon heating in UHV
was investigated additionally. Density-functional theory (DFT) calculations
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were used to explore the preferred binding mode and the most favorable binding configuration of the hydrolyzed APTES
molecules on the hydroxylated magnesium substrate. Attachment of the molecules via hydrogen bonding or covalent bond
formation via single or multiple condensation reactions were considered. The impact of the experimental conditions and the
water concentration in the solvent on the thermodynamic stability of possible APTES binding modes is analyzed as a function of
the water chemical potential of the environment. Finally, the influence of van der Waals contributions to the adsorption energy

will be discussed.
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B INTRODUCTION

Amine-terminated alkoxysilane thin films find extensive
application in a wide variety of both industrial and research-
oriented applications, ranging from adhesion promotion of
polymer films on glass,"* fiberglass—epoxy composites,” ¢ and
attachment of (noble) metal nanoparticles to silica substrates,”®
to biomedical applications. For the latter, specifically (3-
aminopropyl)triethoxysilane (APTES) is used in lab-on-a-chip
applications” ~ or as bioactive linker to promote protein
adhesion to oxide surfaces relevant in implant technology, for
example, titanium (with a TiO, surface)u_ls or magnesium
(with OH-termination under physiological conditions).'®"”
Whereas titanjum is mainly used as implant because of its
inertness, strength and lightness, magnesium can find
application in biodegradable implant devices, for example, as
nonpermanent orthopedic implant or stent in cardiovascular
surgery.'®" Tt dissolves in aqueous environments and the
dissolved magnesium ions produced in the degradation are
believed to be rather beneficial for the human organism.*’
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Unfortunately, corrosion of pure magnesium occurs very fast
under physiological conditions®’ and the accompanying
hydrogen evolution is of concern.*'~>* It has been reported
that albumin coatings of magnesium can lower the corrosion

24,25 .
d,” > and it can be

rate of magnesium in simulated body flui
decreased to a greater extent if APTES and ascorbic acid are
used as linker units."®'” A SAM of APTES alone was shown to
significantly slow down the corrosion of a magnesium surface.'®

Under atmospheric conditions and in aqueous environments
Mg(OH), forms at the Mg surface. To the current state of
knowledge, however, it is not completely understood whether
the APTES linker is covalently attached to the hydroxylated Mg
substrate or just weakly bonded and in which orientation the
bifunctional molecule is adsorbed on the surface. A covalent

bond formation to silicon or titanium dioxide substrates is
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assumed for ethoxy-, methoxy- and chlorosilanes.”*™>* The
available literature suggests that time-of-flight secondary ion
mass spectrometry (ToF-SIMS) and X-ray photoelectron
spectroscopy (XPS) are valuable tools for elucidation of the
adsorption mechanism and orientation of the SAM. XPS as well
as infrared spectroscopy can determine, for example, the state
of the amino group of the adsorbed APTES molecule,>***
whereas ToF-SIMS has the capability to provide information
on the binding strength of a SAM to the substrate. Nie*®
investigated the adsorption of phosphonic acids to silicon and
aluminum oxides with ToF-SIMS and concluded that the
occurrence of dimers is indicative of weakly bonded species,
whereas strong, covalent bonds lead to “substrate + molecule”
fragments. Killian et al. investigated the binding mechanism of a
zinc porphyrin containing an APTES functional group (Zn(1I)-
5-(tris-ethoxy-silane-propyl-amide-acetato-phenoxy)—10,15,20-
(p-tert-butyl-triphenyl)-porphyrin, Zn-TESP) to silicon and
titanium oxide as well as to hydroxylated magnesium.*”** For
the physisorbed molecule the molecular fragment M" was
observed and for stronger bonded forms of the immobilized
Zn-TESP cleavage between the Si headgroup and the organic
rest of the molecule (Si-R) occurred upon fragmentation. A
strong interaction of the molecule also to hydroxylated Mg
substrates was determined. Cleavage of the Si-R bond was also
observed for UV irradiation of the APTES modified porphyrin
Zn-TESP immobilized on TiO,** and for ion bombardment of
APTES SAMs in ToF-SIMS.>* Castner et al. focused on the
binding of (3-methacryloxypropyl) trimethoxysilane to TiO, in
a multitechnique approach via ToF-SIMS, XPS, and AFM,
where covalent attachment of the methoxysilane to TiO, was
also concluded.*

Density-functional theory (DFT) calculations can provide
direct atomistic insights into surface and adsorbate structure
and the nature of molecule—substrate interactions. DFT
calculation have been used, for example, to elucidate the
preferred binding mode of long alkyl chains with phosphonic
and carboxylic acid head groups on hydroxylated Al,O,
substrates.*! Furthermore, the stability of the possible binding
modes depending on experimental conditions has been
analyzed by combining DFT results with a thermodynamic
analysis.* Compared to Al,O; the surface chemistry of
magnesium hydroxide is much less explored. We are aware of
only two DFT studies on the reaction with HF and the
degradation of sarin.*>*

B METHOD SECTION

All chemicals were purchased by chemical suppliers and used without
further purification. All organic solvents were of water-free grade.

Substrate Preparation. Samples were cut off a pure magnesium
rod (ChemPur Feinchemikalien und Forschungsbedarf GmbH, 99.9%
purity, 25.4 mm diameter) as discs with average height of 2—3 mm. All
samples were polished to a 0.2 um finish with abrasive cloth using
diamond- and fumed-silica suspension for a total of 15 min, the last 15
s HyO was used as rinsing agent. The samples were kept under
atmospheric conditions until further investigation or functionalization.
The surface composition was examined by XPS and as a ratio of Mg/O
of 1:2 was observed, we conclude that the material consists of
Mg(OH), within the information depth of XPS (~10 nm). SEM
showed that the surface was smooth after polishing and no
incorporation of silica particles was observed.

SAM Formation. Silanization of the surface with (3-aminopropyl)
triethoxysilane (APTES) was achieved by refluxing of the substrates in
a 10 mM APTES solution in water-free grade toluene (Aldrich, 99.8%
purity) to prevent any polymerization for 24 h at 70 °C."** The
samples were thoroughly rinsed with acetone and ethanol, followed by
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ethanol ultrasonic treatment. According to Brzoska et al.** the APTES
molecule is hydrolyzed to (3-aminopropyl)trihydroxysilane (APTHS)
in contact with the adsorbed water layer on the oxide surface.

Surface Analysis. Positive and negative static SIMS measurements
were performed on a ToF.SIMS-5 spectrometer (ION-TOF,
Miinster). The samples were irradiated with a pulsed 25 keV Bi*
ion beam. Spectra were recorded in the high mass resolution mode
(m/Am > 8000 at *Si). The beam was electrodynamically bunched
down to <1 ns to increase the mass resolution and scanned over a 500
X 500 um? area. The primary ion dose density (PIDD) was kept at 1 X
10" jons/cm?, ensuring static conditions. Signals were identified using
the accurate mass, as well as their isotopic pattern. Poisson correction
was used for integration of the signal intensities. Spectra were
normalized to their total intensity and calibrated on CH,*, C,H;",
C;H;*, C,Hy", and C,H," signals for positive and CH,~, C,”, CN~,
and CNO™ for negative spectra.

For desorption experiments the samples were heated with a rate of
1 K/s in vacuum (<5 X 107% mbar) up to a temperature of 250 °C.
Measurements were taken every S0 °C after the temperature was kept
constant for 30 min each. This procedure is reported to be sufficient to
remove physisorbed species.*® As the experiment requires the sample
not to be moved, 10 subsequent measurements with a PIDD of 1 X
10" ions/cm? each were conducted on the same area.

X-ray photoelectron spectra (XPS) were recorded on a PerkinElmer
Physical Electronics 5600 spectrometer using monochromated Al Ka
radiation (1486.6 eV; 300 W) as excitation source. The takeoff angle of
the emitted photoelectrons was 45° (the angle between the plane of
sample surface and the entrance lens of the detector). The binding
energy of the target elements (O s, C 1s, N 1s, Mg 2p, Si 2p) was
determined at pass energy of 23.5 eV, values were recorded every 0.2
eV and the binding energy of the C 1s signal (284.8 eV) was used as
reference. The measurement spot had a diameter of 800 ym and 100
cycles were recorded for each spectrum. The background was
subtracted using the Shirley method in all spectra. To obtain the
molar fractions of each species, the peak areas of the measured XPS
spectra were corrected with the photoionization cross sections of
Scofield”” ¢ and the asymmetry parameter # (orbital geometry),*®
which are contained in the sensitivity factors of the acquisition
software (MultiPak V6.14, 99 June 16, Copyright Physical Electronics,
Inc, 1994—1999).

DFT. Periodic slab calculations were performed with the plane-wave
code PWscf of the Quantum Espresso software package® using
Vanderbilt ultrasoft pseudopotentials®® and the PBE exchange-
correlation functional.>' A kinetic energy cutoff for the plane-wave
basis of 25 Ry and a (2 X 2 X 1) Monkhorst—Pack k-point grid for
Mg(OH), slabs with a (3 X 3) surface unit cell size is sufficient to get
well-converged results for structures and adsorption energies.
Geometries were optimized by minimizing the atomic forces, with a
convergence threshold for the largest residual force component of 5
meV/A.

The influence of dispersion effects was tested by adding
semiempirical pairwise C4/R® van der Waals correction terms
(multiplied by a damping function at short distances and a
functional-dependent scaling factor) to the DFT energy functional.
The Cy coefficients and the damping functions were chosen according
to the Grimme D2 scheme, except for Mg. Here, a modified Cg value
was used, which was adjusted to be more appropriate for ionic
crystals. > In the following we will refer to this setup as PBE+D2*.
Despite the modification of the Cg parameter for Mg, benchmark tests
for water adsorption on MgO and Mg(OH), model clusters still
showed an overbinding for such configurations dominated by
hydrogen bonds.>® Therefore, the PBE+D2* adsorption energies
reported here should only be taken as lower bounds for the influence
of dispersion interactions. Fortunately, it turned out that the D2*
correction only leads to an overall lowering of the adsorption energies
but does not change the qualitative picture concerning the preferred
binding modes and the relative thermodynamic stability of different
structures.

The OH-terminated Mg surfaces were modeled by periodic slabs
built from the brucite Mg(OH), structure with (0001) surface
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terminations. The structure consists of well-ordered hexagonal HO—
Mg—OH triple layers with an fcc stacking sequence. All calculations
were done for slabs with a (3 X 3) surface unit cell and a thickness of
two Mg(OH), triple layers, resulting in a total number of 90 substrate
atoms in the unit cell. A vacuum region of about 10 A prevented
electronic interactions between adjacent periodic replica in the
direction perpendicular to the surfaces. In the geometry optimization,
only the atoms in the upper Mg(OH), triple layer were allowed to
relax, whereas the atoms in the bottom triple layer were kept fixed at
the lattice positions of the brucite crystal as determined from a
previous DFT bulk calculation. With our DFT-PBE setup we obtained
bulk lattice constants of a = 3.194 A and ¢ = 4.844 A (c/a = 1.517),
which deviate only by 1.4% and 1.6% from the respective experimental
values of a = 3.150 A and ¢ = 4770 A (c/a = 1.514).%¢

In the experiments it can be assumed that most of the APTES
molecules instantaneously hydrolyze to (3-aminopropyl)-
trihydroxysilane (APTHS) when they come in contact with residual
water on the hydroxide surface.** We therefore started our theoretical
investigations of the adsorption process immediately from the APTHS
molecule with a silanol headgroup. APTHS adsorption energies were
calculated according to

Ey = [(Efy + n E

mol/

(Ell):lx;e +N EAPTHS

s| 'mol

/N (1)

where N is the number of adsorbed APTHS molecules on the
Mg(OH), slab and 7 is the number of removed water molecules after
condensation reactions of APTHS with the surface. B, and E5%° are
the total energies of two slab calculations with and without adsorbates,
and EY; and EA'T™S are the total energies of a gas phase water and

APTHS molecule, respectively. These reference energies were
determined by placing the isolated molecules into a large vacuum box.

B RESULTS AND DISCUSSION

The self-assembly of APTES on polished hydroxylated Mg
discs was conducted in water-free solvent. No visible corrosion
of the surface occurs during this treatment, the Mg disc still
shows a mirror-finish after functionalization. The chemical
formula of the APTES molecule is shown in Figure la. Figure
1b displays the atomic composition determined by XPS for an
untreated surface and an APTES SAM on the hydroxylated Mg.
The ratio of Mg:O indicates the presence of at least 10 nm of
Mg(OH), for the pristine disc. Compared to a polished Mg
reference, the APTES coated substrate discs display clear N 1s
and Si 2p signals in XPS (with atomic concentrations of 5.7%
each), whereas the Mg signal strongly decreases upon
functionalization. The excess carbon can be explained by
toluene coadsorption, residual contamination (the excess at% of
C 1s with respect to a 1:3 C:Si or C:N stoichiometry is
approximately equivalent to the initial carbon content on the
pristine Mg surface) or unreacted ethoxy side chains. The latter
can occur if APTES preferentially attaches to the substrate via a
single ethoxy functionality. As the reaction is conducted in
water-free environment (apart from some residual water on the
hydroxylated Mg surface**), ethoxy groups that do not undergo
condensation reactions with the substrate may retain unreacted.
The peak position of the O 1s signal of the APTES SAM lies at
a lower binding energy than the O 1s signal of the thick APTES
layer (but higher than the oxide, see Supporting Information
Figure S1). This indicates a transformation of Si—O—C,H; to
Si—O—Mg or Si—O—Si, the binding energy of the oxygen atom
is expected to decrease in this case.

Horner et al.>* adsorbed APTES out of an aqueous solution
to various metal surfaces and correlated the state of the amino
group determined by angle resolved XPS with the orientation
of the molecule and also the isoelectric point (IEP) of the
substrate. NH;" signals were observed to originate from the
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Figure 1. (a) Chemical formula of the APTES molecule. (b) Atomic
percentages of the elements detected by XPS on the pristine and
APTES functionalized OH-terminated Mg surface. (c) N Is signal of
bare Mg, APTES coated Mg, and a thick layer of APTES.

substrate—APTES rather than from the APTES—air interface,
indicating a reverse adsorption of the molecule. Additionally,
Song et al. determined the orientation of the APTES molecule
on titanium substrates of different crystallinity by examination
of the N 1Is signal.45 For reverse attachment of APTES, the
protonated —NH;" group can coordinate to surface hydroxyl
groups, a higher N 1s binding energy of 400.9 eV was observed.
Coordination via the ethoxysilane groups yields a —NH,
terminated surface with an amine signal at 399.4 eV. Thus,
from the position of the N 1s signal at 399.1 eV in Figure 1c it
can be concluded that the amine group mainly exists as —NH,,
excluding reverse attachment of APTES on hydroxylated Mg
substrates. The slight deviation of the two results can be
explained by the fact that the measurements recorded by Song
et al.** were corrected for the Ti 2p binding energy, whereas the
data presented in this manuscript was shifted to the C 1s
binding energy. The N 1s signal of a thick APTES layer
produced by evaporation of a droplet of APTES solution
(multilayer sample) is significantly broadened and shifted to
higher binding energies, indicating random orientation and a
possible coordination of the APTES amino groups to the
ethoxysilane moieties. The affinity for covalent attachment of
APTES (the pH of 10 mM APTES in an aqueous environment
is 11.2) is in agreement with the different isoelectric points
(IEP) of the substrates. The surface of Mg(OH), (IEP = 11.6—
13.2)*” will be rather positively charged and TiO, (IEP = 5.1—
6.4)>” will have a negative surface charge and consequently be
able to bind APTES via ionic interaction with the protonated
amino group.

As the N 1s binding energy in XPS is an indication for but
not a direct proof of covalent bonding, the adsorbed linker
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Figure 2. Relevant ToF-SIMS signals (colored) of a thick layer of APTES on a OH-terminated Mg substrate (top), a SAM of APTES on
hydroxylated Mg (middle) and APTES-free Mg (bottom): (a) signal of the substrate, m/z = 23.99 — Mg*; (b—d) fragments characteristic for
chemisorbed APTES (b) m/z = 30.03 — CH,N*, (c) m/z = 44.05 — C,H,N*, (d) m/z = 58.07 — C;HgN*; (e) APTES bound to the substrate, m/z
= 67.96 — Si—O—Mg"; (f) cross-linking of APTES, m/z = 71.95 — Si—O—Si"; (g—i) fragments characteristic of physisorbed APTES (g) APTES
hydrolyzed in one single ethoxysilane group, m/z = 192.12 — C,H;iNO,Si~, (h) molecular fragment M—H", m/z = 220.15 — CoH,,NO;Si", (i)
Si, .

dimer of the hydrolyzed form of APTES, m/z = 25523 — C4,H,oN,O

molecule was additionally investigated with ToF-SIMS, as this
technique can show bond formation, for example, by the
occurrence of substrate—molecule fragments. For more detailed
investigation of the adsorbed linker molecule, an APTES self-
assembled monolayer was examined by ToF-SIMS alongside
two references: a thick APTES coating (multilayer sample) and
a pristine Mg disc. Figure 2 shows selected characteristic
fragments in detailed resolution: the top panel in each subfigure
displays the fragments caused by the thick APTES coating, the
middle panel contains the spectrum of the APTES SAM and
the bottom panel presents pristine OH-terminated Mg. The
assignment of all signals visible in the displayed spectral regions
can be found in the Supporting Information, Table S1.

In the positive polarity spectra of Figures 2a—d, the decrease
of Mg" accompanied by an increase in characteristic APTES
fragments CH,N*, C,H,N", and C;HgN" suggests the presence
of APTES on the substrate. On the multilayer sample no Mg*
could be detected, indicating that the coating thickness
exceeded the ToF-SIMS information depth (~1—3 nm). The
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signals characteristic of APTES (Figures 2b—d) are significantly
enhanced on the monolayer sample compared to the multilayer
sample. This effect has been reported previously for
ethoxysilanes covalently attached to the substrate,'®” as the
Si—C bond can be weakened upon the formation of an Si—O—
substrate bond, causing preferred ionization of the residual part
of the molecule (ie, CH,N*, C,H(N*, or C;HgN"). The
formation of Si—O—substrate bonds for the APTES SAM is
indicated by the presence of the fragment Mg—O—Si* (see
Figure 2e), which can only be produced if the condensation
reaction with the substrate was successful. Furthermore, the
intensity of Si—O—Si fragments is clearly increased on the SAM
sample, indicating the cross-linking of free ethoxysilane groups
and siloxane formation (see Figure 2f). The average relative
intensities of these signals with respect to the total intensity of
the spectrum are increasing from 0.00091% (thick) to 0.031%
(SAM) for Mg—O-Si* and from 0.011% (thick) to 0.069%
(SAM) for Si—O-Si*.
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The negative polarity spectra of the thick layer of APTES
show several fragments indicative of weakly bound APTES
(Figures 2g—i). The molecule hydrolyzed in one single
ethoxysilane group, as well as the intact molecular fragment,
could be clearly identified. The latter can only be caused by
physisorbed molecules that did not complete a condensation
reaction with the substrate (i.e, loose ethanol in this process).
Furthermore, a clear signal of the dimer of the hydrolyzed form
of APTES was detected in the thick layer sample. According to
Nie et al,** dimeric fragments are characteristic for weakly
bound, physisorbed molecules. These signals could only be
detected on the multilayer reference sample, but not on the
SAM coated Mg surface.

The combined information obtained by ToF-SIMS and XPS
consistently suggest a strong bond formation of the APTES
molecules with the OH-terminated Mg substrate, with a major
fraction of the molecule coordinating via the ethoxysilane
functional group.

To investigate the stability of the SAM on hydroxylated Mg,
that is, the interaction strength of the linker molecules with the
substrate, an APTES coated Mg disc was heated to 250 °C in
UHV. This procedure was reported to be sufficient to remove
physisorbed species.*® The sample was heated in the ToF-SIMS
instrument and measurements were recorded every S0 °C. The
Mg*, Mg—O—Si", and Si—O—Si" signals were observed to
increase slightly, whereas the fragments characteristic of APTES
stay approximately constant (see Figure 3). The increase in
Mg" can mainly be related to desorbing contaminations
(hydrocarbons, phthalate, see Figure S2 in the Supporting
Information), uncovering the substrate. The increase of Mg—
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Figure 3. SAM of APTES on OH-terminated Mg was heated in UHV
to 250 °C to investigate desorption and interaction strength. The
signal of the Mg substrate, m/z = 23.99 — Mg", is displayed in panel
(a). Panel (b) shows the APTES bond to the substrate m/z = 67.96 —
Si—O—Mg", while (c) displays a fragment characteristic for APTES,
m/z = 30.03 — CH,N". (d) shows the Si—O—Si* bond (m/z = 71.95),
indicative of cross-linked APTES. The discussed signals are colored in
the spectra.
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O—Si" may be caused by the aforementioned reason,
condensation reactions between free ethoxysilane groups of
APTES molecules and the substrate, or by a greater extent of
fragmentation of the molecules caused by repeated ion
bombardment of the sample (a maximal primary ion dose of
1 X 10" ions/cm? well below the static limit, was applied). The
Si—O—Si" signal also increases with sample temperature, which
can be caused by the aforementioned reasons or increased
cross-linking with additional activation energy, indicating that
the adsorbed APTES molecules possess free silanol groups. The
remaining presence of the APTES fragments shows that a
major part of the SAM is not removable by heat, and again
suggests a strong bond formation.

In addition, DFT calculations were performed to analyze in
detail the interaction of hydrolyzed APTES molecules
(APTHS) with a Mg(OH), substrate. First, different binding
modes via the silanol group of the APTHS molecules were
probed. Attachment of the Si(OH); group to the surface by
noncovalent interactions via H-bonds (physisorption) or by
forming covalent bonds via one, two and three condensation
reactions (chemisorption), giving rise to mono-, bi- and
tridentate surface species, respectively, were considered. Each
condensation reaction releases one water molecule into the
environment:

Mg(OH), + Si(OH),C;H,NH,

— (HO)Mg-O-Si(OH),C;HNH, + H,0 (2)
In both physisorption and chemisorption different H-bonding
patterns can be present, depending on whether the OH-groups
of the Si(OH); silanol functional group donate or receive an H-
bond from the surface (see Figure 4). Therefore, geometry
optimizations were performed for a set of initial geometries
which differ in the orientation of OH-groups and the relative
position of the molecule above the surface.

The results for the most stable APTHS configurations for
each binding mode are shown in Figure 4 and the
corresponding adsorption energies are summarized in Table
1. Noncovalent binding gives the lowest adsorption energy. In
the most favorable structure, all three OH-groups of the
APTHS molecule donate an H-bond to surface OH. The
surface OH-groups are tilted out of their normal orientation in
order to be able to receive the H-bond (see Figure 4a).
Monodentate covalent binding via one condensation reaction,
however, is only slightly less favorable (see Table 1). Bi- and
tridentate binding, on the other hand, give positive adsorption
energies, indicating that the second and third subsequent
condensation reaction between substrate and the APTHS linker
are endothermic. The reason is mostly geometric: the hydroxyl
groups on the surface are too far apart so that the Si(OH);
group has to distort in order to be able to form two or three
covalent bonds to the surface. The results in Table 1 show that
the adsorption energies decrease significantly when the
semiempirical D2* dispersion correction is used. However,
the order of relative stability of the four binding modes remains
unchanged.

In a second set of DFT calculations, alternative binding
modes for the hydrolyzed APTES molecules were considered.
Figure Sa and b show two possible configurations for
noncovalent attachment of the linker molecules via their
amino group. The adsorption energies in Table 1 indicate,
however, that these molecule—substrate interactions are rather
weak and much less favorable than physisorption and
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a)

Figure 4. Most stable configuration of hydrolyzed APTES on Mg(OH), for different binding modes via the silanol group: (a) noncovalent bonding
(physisorption), (b) mono-, (c) bi-, and (d) tridentate covalent bonding after one, two, and three condensation reactions have occurred, respectively.
Magnesium atoms are shown in green, oxygen in red, hydrogen in white, carbon in black, silicon in cyan, and nitrogen in blue.

Table 1. PBE and PBE+D2* Adsorption Energies E 4 (in eV)
per Hydrolyzed APTES Molecule (APTHS) on Mg(OH),
for Different Binding Configurations

PBE PBE+D2*
physisorbed Figure 4a —-0.38 -091
monodentate Figure 4b -0.27 -0.74
bidentate Figure 4c +0.77 +0.49
tridentate Figure 4d +1.83 +1.40
amine, donating Figure Sa —0.10 —0.36
amine, accepting Figure Sb —0.12 —0.29
APTHS, flat Figure Sc —-0.27 —091
cross-coupled Figure 5d —0.11 —0.60

chemisorption via the silanol group. Thus, reverse attachment
of the APTHS molecules to the hydroxylated Mg substrate will
not play an important role, as already discussed in the
experimental section.

Calculations were not only performed for upright-standing
linker units, but also for molecules lying flat on the surface.
Figure Sc shows the most stable structure of a monodentate-
bound APTHS molecule with the aminopropyl group oriented
parallel to the substrate (compare to Figure 4b). The PBE
adsorption energies are essentially the same for both molecular
orientations (see Table 1). If the D2* dispersion correction is
included, the flat-lying species are slightly stabilized because of
the proximity of the aminopropyl group to the surface, which
suggests a preference of flat-lying molecules at low adsorbate
coverage. However, the additional gain in adsorption energy is
rather small (about 0.1—0.2 V). In the presence of a solvent
the additional interaction of the solvent molecules with the
substrate can easily outweigh this small energy gain, so that an

upright orientation of the linker molecules becomes also more
favorable at low surface coverage.

The last binding mode considered in our study is the
covalent cross-linking of hydrolyzed APTES molecules on the
surface. Figure 5d shows two covalently bound APTHS which
are coupled via an additional condensation reaction. Such
coupling reactions may continue and a pair of linker molecules
can be seen as a precursor for the formation of siloxane chains
on the substrate. From the adsorption energies for single and
cross-coupled linker units in Table 1 we can conclude that
condensation reactions with the substrate are slightly more
favorable than between APTHS molecules. Nevertheless, as we
will show in the following, cross-linking will be an important
structural motif in the APTHS layer on hydroxylated Mg
substrates.

The adsorption energies in Table 1 suggest that
physisorption is more favorable than covalent binding of the
hydrolyzed APTES molecules to the substrate. However, in our
definition of the adsorption energy we have assumed that the
water molecules released in the condensation reactions are
brought into vacuum at zero temperature. It is not taken into
account that in experiment the water molecules will either
attach to the surface or move into the solvent, thereby gaining
cohesion energy and entropy. The free energy gain of water
molecules released in the condensation reactions is given by the
water chemical potential yy,. Therefore, to be able to determine
the thermodynamic stability of an adsorbate layer depending on
the experimental conditions, the zero temperature gas phase
value Ejv) has to be replaced by the chemical potential sy as
the reference energy of released water molecules.*">%%% EV_ is
an upper limit for the water chemical potential.®® By
introducing Auy = py — Eno we take this upper limit as
new zero-point of energy. By normalizing to the surface area A,

Figure S. Alternative adsorption modes of hydrolyzed APTES on Mg(OH),: (a and b) via the amine functional group, (c) monodentate via the
silanol group with additional interactions of the aminopropyl end with the substrate (compare to Figure 4b), and (d) with additional cross-coupling
of two neighboring linker molecules. The same color coding as in Figure 4 is used.

DOI: 10.1021/am5075634
ACS Appl. Mater. Interfaces 2015, 7, 9006—9014


http://dx.doi.org/10.1021/am5075634

ACS Applied Materials & Interfaces

Research Article

C4HgNH,

Si(OH)s

physisorbed

C4HgNH,
HO, 0ol

Si

|

o

T

HO\S/CSHENHZ
/N ko]
[¢) [ 8
i /%
c
=}
bi-dentate <
23
9]
Q
C3HgNH, >
,,,,,,, [0}
P\ =
o \Oo q

. -2 '
tri-dentate -1 -0.8

mono-dentate

Figure 6. Surface phase diagram analyzing the relative stability of different binding modes of single hydrolyzed APTES molecules on Mg(OH), as a
function of the water chemical potential of the environment. Noncovalent and covalent binding after one, two and three condensation reactions with
the substrate are shown. Solid red and dotted black lines refer to PBE and PBE+D2* results, respectively.

the adsorption energy of eq 1 is then converted to an interface
energy between the surface and the environment as a function
of the water chemical potential®*>’

A]/ = [N Ead +n A/’tw]/A (3)
Ay is zero for the adsorbate-free surface. The most stable
adsorbate structure at a given chemical potential can be
identified as the one with the lowest interface energy.

The energies Ay for the four different binding modes of
hydrolyzed APTES molecules via the Si(OH); headgroup are
shown in Figure 6. As expected, at high water chemical
potential (approaching the zero temperature gas phase value),
noncovalently bound, physisorbed species are energetically
most stable. With lower water chemical potential, however,
covalent binding becomes successively more favorable due to
the free energy gain of the water molecules released in the
condensation reactions (note that the slope of the graphs is
given by the number of eliminated water molecules per linker
unit).

To be able to identify the preferred binding mode under the
conditions of the present experiments, a rough estimate for the
corresponding water chemical potential is needed. Ay, of
liquid water at ambient conditions is about —0.57 eV.®"°* This
is also roughly the interaction energy of water molecules with
the Mg(OH), substrate. If a residual water film on Mg(OH), is
the main reservoir with which molecules are exchanged in the
condensation reactions, then the water chemical potential is
close to —0.57 eV. Water molecules moving into the nominally
water-free toluene solvent gain much less cohesive energy,
which would correspond to a higher chemical potential.
However, in the dilute state the water molecules have a high
entropy and the chemical potential is lowered by kT In(ay),
where ayy is the activity of water in toluene. Considering these
uncertainties, —0.8 to —0.3 eV is a reasonable range for the
water chemical potential reflecting the experimental conditions.

Figure 6 shows that in this range of Ay not physisorption
but chemisorption via a single condensation reaction in a
monodentate geometry is the most favorable binding mode of
APTHS molecules on hydroxylated Mg. This agrees very well
with the experimental observation of Mg—O—Si fragments in
the ToF-SIMS measurements and the high thermal stability of
the SAMs upon heating. This conclusion is independent
whether dispersion corrections are included in the calculations
or not. Only at lower chemical potential (below —0.9 eV
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according to PBE results or below —1.1 eV if dispersion
corrections are included) tridentate binding becomes thermo-
dynamically more favorable, whereas bidentate binding is
always higher in energy.

The thermodynamic analysis was also used to determine the
stability of cross-coupled APTHS linker molecules on the
hydroxylated Mg surfaces. The phase diagram in Figure 7

0 T T

HNC3Hg CaHGNH,
HO. O, OH
\\si/ \Si//

Ay/ eV per (3x3) unit cell

Figure 7. Surface phase diagram analyzing the competition between
individual covalent binding of hydrolyzed APTES to the Mg(OH),
substrate by one condensation only and cross-coupling of the
molecules by an additional condensation reaction. Solid red and
dotted black lines refer to PBE and PBE+D2* results, respectively.

shows that for chemical potentials below —0.3 eV cross-
coupling of neighboring molecules by additional condensation
reactions becomes more favorable than having isolated linker
molecules on the surface. Thus, at typical experimental
conditions the thermodynamically most stable state are
covalently bound linker molecules in a monodentate
configuration, and a large fraction of the molecules will be
cross-linked via elimination of another water molecule.
Nevertheless, one has to keep in mind that kinetic limitations
because of the activation barrier associated with the
condensation reactions may also lead to a fraction of metastable
configurations, for example, nonhydrolyzed APTES, or
physisorbed and noncoupled molecules.
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B CONCLUSIONS

In the present work, we investigated the interaction of the
bifunctional molecule APTES, comprising an amino and an
ethoxysilane functional group, with an hydroxylated Mg surface.
XPS shows SAM formation of hydrolyzed APTES on the Mg
substrate. The position of the N 1s signal indicates a free amine
group, that is, coordination to the OH-terminated Mg substrate
via the ethoxysilane groups. In ToF-SIMS, characteristic
fragments of APTES strongly bound to the substrate occur as
well as Mg—O-Si, reinforcing the assumption that APTES
coordinates via a condensation reaction of the ethoxysilane
moiety. Clear indication for physisorbed APTES could only be
detected for multilayer coatings. The strong interaction of an
APTES SAM with OH-terminated Mg is furthermore
reinforced by the stability of the characteristic signals upon
heating to 250 °C in UHV.

DEFT calculations confirm the preference of the silanol over
the amine group for the binding of hydrolyzed APTES
molecules to the substrate. The calculations reveal that
monodentate covalent attachment by elimination of one
water molecule is more favorable than bi- and tridentate
binding motives. The inclusion of van der Waals corrections
significantly lowers the adsorption energies, but the relative
stability of the structures is retained. A thermodynamic analysis
shows that under the given experimental conditions the
monodentate covalent binding is favored over physisorption
of the linker molecules. In addition, the results strongly indicate
that a large fraction of the covalently attached molecules is also
cross-linked via a second condensation reaction.
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