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ABSTRACT

A spectro-electrochemical setup of Fourier transform infrared spectroscopy (FTIR) in the Kretschmann
geometry and odd random phase multisine electrochemical impedance spectroscopy (ORP EIS) is applied
to in situ monitor the effect of an aqueous electrolyte on the polymer/metal oxide interface. The interfacial
interactions of an ultrathin polyacrylic acid (PAA) film on an aluminum oxide surface are identified as car-
boxylate ionic bonds and changes induced by the effect of water diffusion at the interface are monitored in
situ. Initially after electrolyte exposure, an increase in ionic bonding is observed. However, eventually the
interfacial interactions are replaced by water molecules, leading to macroscopic delamination. By comparing
avariation of oxide types, the stability of the interfacial bonds is linked to the amount of free hydroxyl groups
on the aluminum oxide surface. An electric equivalent circuit is proposed to model the ORP EIS response of
the PAA/aluminum oxide system and the fitted resistance values could be interpreted in a physically mean-
ingful way. Finally, a poly(methyl methacrylate) (PMMA) deposition on aluminum oxide is investigated to
explore the effect of a variation in functional groups present at the polymer/metal oxide interface. It is
shown that PMMA forms a more stable interface than PAA on native aluminum oxide. This work demon-
strates that IR spectroscopy in the Kretschmann geometry and ORP EIS are suited techniques to in situ probe
interfacial bonds at polymer/metal oxide systems exposed to aqueous conditions. Moreover, a variation of
the surface properties of the metal oxide as well as the functional groups of the polymer alter the stability

of their mutual interface when exposed to aqueous conditions.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Corrosion protection of engineering metals against hostile or
atmospheric conditions is commonly achieved by covering their top
surface with an organic coating. In industry, numerous examples
of polymer/(hydr)oxide/metal systems exist. The most straightfor-
ward examples are found in infrastructure and in transport (e.g.
paints on constructions and protective coatings on all types of trans-
port vehicles). To ensure long service-life, the organic coatings need
to withstand long-time exposure to aqueous environments with-
out failing. Unfortunately, the effectiveness of the organic coating
against degradation agents is not infinite and eventually the hybrid
system will degrade. Macroscopically, this leads to delamination of
the organic coating and/or the onset of corrosion of the metal sub-
strate. However, the exact mechanisms leading to coating failure are
not yet understood [1].
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Monitoring chemical interactions on a local scale at the buried
polymer/metal oxide interface is a necessary, but challenging, step
in gaining insight in the macroscopic durability of the composite
system. The challenging aspect comes from the fact that the inter-
face region is not readily accessible by common (surface) analysis
techniques. Their probing depth and/or sensitivity are limited and
make it challenging to obtain direct molecular information, which
is why this region is often referred to as the buried interface [2].
In order to tackle this accessing problem, the use of a model sys-
tem and a well-chosen methodology is required to both reach this
region, probe information with adequate sensitivity and monitor the
effect of external influences in situ [3, 4]. Advancements in existing
techniques and the development of new experimental approaches
enable the possibility to study this region under humid or corrosive
conditions [5, 6].

The work reported here is part of an on-going investigation to
characterize the interfacial interactions between acrylic polymers
and aluminum oxide surfaces [7, 8]. Access to the interface region is
achieved by a specific methodology where a thin-film deposition is
used. The polymer film is made sufficiently thin, making it possible
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to study the interaction of functional groups on metal (hydr)oxide
surfaces by surface analysis techniques. The deposition of this thin
film is achieved by reactive adsorption from a highly diluted poly-
mer solution, leading to organic films with a thickness of the order of
nanometers [9-11].

Leadley et al. applied this thin-film approach in combination with
X-ray photoelectron spectroscopy (XPS) to study the interface of
ultrathin acrylic polymer films on metal oxide substrates. By careful
evaluation of changes in the C 1s binding energy between the spectra
of thick and ultrathin polymer depositions, specific binding states of
the polymer at the interface were observed. This allowed to identify
the formation of a carboxylate ionic bond and hydrogen bonding at
the solid/solid interface by XPS [12, 13].

Characterization of the thin acrylic polymer films by ambient
pressure X-ray photoelectron spectroscopy (APXPS) and attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
in the Kretschmann geometry allowed to characterize the chem-
ical behavior of carboxylic functional groups with the aluminum
(hydr)oxide surface in the presence of water. ATR-FTIR in the
Kretschmann geometry allowed to identify the formation of a car-
boxylate bond in situ during the adsorption process of polyacrylic
acid (PAA) and poly methyl methacrylate (PMMA) films respectively
from a dilute polymer solution. Moreover, both techniques showed
that water initially plays a beneficial role in the formation of this type
of ionic bond, when the polymer/metal oxide system was exposed to
an aqueous electrolyte [7, 8].

It has been shown that electrochemical reactions play an impor-
tant role in the explanation of coating delamination. Scanning Kelvin
Probe (SKP) allows to follow the onset of a delamination front in situ
from a well-defined defect by monitoring the Volta potential [14].
This led to the proposal of a delamination mechanism for basic poly-
mer coatings on steel by Leng and Stratmann [15-17]. The model
was later extended to coated zinc substrates [18]. It was shown
that the oxygen reduction reaction (ORR) plays a detrimental role
in corrosive de-adhesion processes. SKP provides direct information
of the corrosion potential under the coating, but it does not pro-
vide quantitative information on interfacial reaction rates. Therefore,
Vijayshankar et al. used a hydrogen permeation based potentio-
metric approach to quantitatively determine the interfacial reaction
kinetics of the oxygen reduction [19]. A Devanathan-Stachurski per-
meation technique, where hydrogen can permeate from one side of
an iron-on-palladium membrane, is used to quantify the ORR rate
at a buried polymer/metal oxide interface on the other side. How-
ever, the question is posed on how the electrochemical reactivity
of such metal/polymer coated systems is determined by the interfa-
cial chemistry of the metal oxide/coating interface. The aim of this
work is to investigate the direct influence of chemical bonds at the
interface on the overall delamination behavior.

Impedance spectroscopy is a versatile tool to monitor the water
uptake kinetics and allows the quantification of the diffusion coeffi-
cient of water through the polymer [20, 21]. Additionally, water has
a characteristic infrared signature, which is easily recognized in an
infrared spectrum, leading to additional information on the diffusion
rate [22-24]. Adhesive and corrosion properties of the polymer/metal
oxide interface can be determined by EIS, but additional information
on reactions at the interface is required for a good understand-
ing of the occurring phenomena [25-27]. Therefore, a combination
of both techniques into an integrated spectro-electrochemical tech-
nique provides multiple advantages when investigating electrolyte
exposure on polymer/metal oxide systems. Vlasak et al. [28] reported
studies of water diffusion through thin polymer coatings, recorded
with an integrated spectro-electrochemical system combining con-
ventional ATR-FTIR and impedance spectroscopy.

Where these studies focus on bulk phenomena such as water
diffusion, it is our aim to study the effect of water molecules on
the polymer/metal oxide interface. Ohman et al. introduced IR in

the Kretschmann geometry to investigate the interfacial behavior
of water at the solid/solid interface, combining this approach with
conventional impedance spectroscopy [29-31]. In previous work,
Pletincx et al. introduced an integrated spectro-electrochemical
setup based on IR in the Kretschmann geometry and odd random
phase multisine electrochemical impedance spectroscopy (ORP EIS)
to monitor the effect of methanol adsorption onto an aluminum
oxide surface [32]. By utilizing a metal coated internal reflecting ele-
ment (IRE) in contact with a methanol solution, the evanescent field
of the infrared light is able to reach the solvent/metal oxide inter-
face and obtain an infrared spectrum resulting in information that is
obtained directly from the interface region [30, 31, 33]. Impedance
spectroscopy showed the chemisorption of methanol onto the alu-
minum oxide surface in situ and an electric equivalent circuit (EEC)
model describing the adsorption behavior was proposed and proven
statistically valid. The fitted parameters were linked to the infrared
spectra, which allowed to explain the EEC in a physically meaningful
manner.

This integrated approach is an ideal way to characterize the
effect of an aqueous electrolyte on the polymer/metal oxide sys-
tem and to study the stability of interfacial interactions in situ for
long electrolyte exposure times. Moreover, the integrated setup is
not restricted to ultrathin model polymers as used in this work. The
setup is suited for any type of polymer deposition, ranging from
model polymer films to thick layers of complex industrial coating
formulations.

In this work, the effect of an aqueous electrolyte on the inter-
face of an ultrathin polyacrylic acid (PAA)/aluminum oxide sys-
tem is studied as a function of time using the integrated spectro-
electrochemical setup. ATR-FTIR in the Kretschmann geometry pro-
vides an interface-sensitive and in situ analysis of a polymer/metal
oxide interface. By utilizing a random phase multisine excitation sig-
nal for the ORP EIS analysis, a shorter measurement time is achieved
since all frequencies are excited simultaneously. Therefore, the ORP
EIS measurement time is in an equal time-frame as the one for
obtaining an infrared spectra. A comparison of the trends observed
by both techniques in the integrated setup is therefore allowed.

ORP EIS results in the characterization of electrochemical prop-
erties of the whole polymer/metal oxide system. The impedance,
the magnitude of the measurement noise, the level of the nonlinear
response and the level of nonstationary behavior of the system are
measured at each frequency for a given excitation amplitude and can
be quantified by ORP EIS [34]. Additionally, validation of the fitting
quality of the proposed equivalent circuit is possible by comparing
the experimental noise levels with the complex residuals of the fitted
model [35-37].

Afterwards, the results obtained for the polymer/PVD aluminum
oxide system are compared with similar measurements on different
types of aluminum oxide sheets. The first type is a native oxide for
which the metal substrate was etched in an alkaline solution and
then exposed to ambient conditions to form a native aluminum oxide.
This oxide type has similar thickness but a different metallurgy than
the PVD deposited oxide system [38]. The second oxide type is an
anodized aluminum oxide substrate, of which the oxide is a carefully
controlled barrier oxide. XPS is utilized to characterize the surface
of all three oxide types and to link the oxide surface’s acid-base
properties with the observations of the (spectro-)electrochemical
setup.

Finally, a comparison is made with a PMMA deposition. PAA has
a polymer chain with a carboxylic acid functional group whereas
PMMA contains a methyl methacrylate repeating unit. Therefore,
both polymers have a different adsorption mechanism onto the alu-
minum oxide surface as shown in previous work [7]. Therefore, by
making a comparison between these two polymer types, the poly-
mer/metal oxide interfacial stability under electrolyte exposure is
investigated.
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2. Materials and methods
2.1. Model oxide preparation

For the ATR-FTIR in the Kretschmann geometry, a germanium
internal reflection element (IRE) crystal was coated with pure alu-
minum (99.99% metals basis, Johnson Matthey) by means of a high-
vacuum evaporation coating system (VCM 600 Standard Vacuum
Thermal Evaporator, Norm Electronics). The thickness of the physi-
cally vapour deposited (PVD) aluminum film is 50 nm, as determined
with a quartz crystal microbalance (QCM). The PVD deposited alu-
minum surface was exposed to the ambient environment to form a
passive oxide layer. This oxide system is denoted as PVD aluminum
oxide in the manuscript. Within 10 min after metal deposition, the
surface was exposed to the polymer solution.

To compare the observations of the integrated spectro-
electrochemical setup and to evaluate the effect of the oxide type’s
influence on the interfacial interactions, similar ORP EIS mea-
surements are conducted on two types of rolled aluminum oxide
substrates. Here, the metal substrates were cut from a 0.3 mm
ultrapure aluminum sheet (99.99% metals basis, rolled sheet, Norsk
Hydro Aluminium). Samples were rinsed ultrasonically in acetone
for 5 min. After cleaning, the samples were chemically etched in a
25gL~! NaOH solution (Pellets, VWR Chemicals) for 1 min. Then the
samples were rinsed with H,O and blown dry with nitrogen and
exposed to atmosphere to let natural oxide growth occur. This oxide
system is denoted as native aluminum oxide in the manuscript.

Anodized samples were prepared from the same 0.3 mm ultra-
pure aluminum sheet (99.99% metals basis, rolled sheet, Norsk Hydro
Aluminium). The samples were ultrasonically cleaned in acetone and
etched in a 25 gL~! NaOH solution for 1 min. After rinsing and drying,
the samples were galvanostatically anodized with a current density
of 5mA/cm? in a 3% diammonium tartrate (VWR Chemicals) solution
at 25 °C, with the voltage going up to 20 V. This corresponds with the
formation of a barrier-type oxide with a thickness of approximately
20 to 30 nm. This oxide system is referred to as anodized aluminum
oxide.
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2.2. Polymer deposition by reactive adsorption

Thin polymer films of poly acrylic acid (PAA) were deposited
by reactive adsorption on the different aluminum oxide substrates
from a 0.1% w/w PAA (Sigma Aldrich, Mw = 450,000 g mol~1) solu-
tion in methanol (99.8% ACS, VWR Chemicals). For the PMMA
deposition, this was done from a 0.1% w/w PMMA (Sigma Aldrich,
Mw = 250,000 g mol~1) solution in toluene (99.5% ACS, VWR Chem-
icals). After 24 h, the samples were removed from the solution. Next,
the substrates were immersed in pure solvent to remove remaining
physisorbed molecules from the oxide surface.

2.3. Analysis methods

2.3.1. Spectro-electrochemical setup of odd random phase EIS and
ATR-FTIR in Kretschmann geometry

A Thermo-Nicolet Nexus Fourier transform infrared device with a
mercury-cadmium-telluride (MCT) liquid-nitrogen-cooled detector,
and a nitrogen-purged VeeMAX III ATR measurement accessory are
used. The resolution of the acquired spectra is set to 4cm~!. OMNIC
8.1 software package (ThermoElectron Corporation, Madison, WI)
was used to control the spectrum acquisition. On top of the polymer
coated native oxide film, the electrolyte is placed in a electrochemical
cell from PIKE Technologies to measure the effect of the aque-
ous solution in situ at the interface. A spectrum of the germanium
crystal coated with aluminum oxide and the polymer deposition is
used as a background spectrum. By using this background spectrum,
changes at the interface are observed in the spectra after electrolyte
exposure.

The thickness of the deposited metal film and the utilized angle
control the probing depth of the evanescent wave. Here, a PVD film
thickness of about 50 nm (QCM determined) and a grazing angle are
used. The evanescent wave of infrared light is largely absorbed by the
PVD deposited film, therefore this field is just able to reach the inter-
face region, leading to a probing depth of the order of nanometers
and results in a near-interface spectrum. A more detailed description
of this technique is given by Ohman et al. [30].
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Fig. 1. Schematic representation of (a) the integrated spectro-electrochemical setup with the polymer coated onto the PVD aluminum oxide film, (b) ORP EIS setup of the polymer
coated/native aluminum oxide and (c) ORP EIS setup of the polymer coated on anodized aluminum oxide. The polymer/metal oxide systems are exposed to a 0.1 M borate buffer

solution.
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Simultaneously, impedance spectra were recorded by using a
three-electrode setup. A Biologic SP-200 potentiostat and a National
Instruments PCI-4461 data acquisition(DAQ-)card are utilized. A
platinum wire is used as counter electrode and a Ag/AgCl electrode
as reference. Copper wire is attached to the PVD deposited aluminum
oxide to create the working electrode and special care was taken
not to bring the Cu-wire in contact with the aqueous solution. The
electrolyte used in the electrochemical cell is a 0.1 M borate buffer
(prepared by a mixture of sodium tetraborate and boric acid (VWR
Chemicals)) to investigate the effect of water at the interface. Paraffin
film was used to wrap around the counter- and reference electrode

in order to seal the electrochemical cell and to minimize evapora-
tion of the electrolyte. The odd random phase multisine perturbation
consists of the sum of harmonically related sine waves with equal
amplitude and random phases. The applied signal is a 10mV RMS
variation around the open circuit potential. Groups of 3 consecu-
tive odd harmonics are excited of which one harmonic is randomly
omitted. At all measured excited and non-excited frequencies, both
the potential and the current signals are measured. The technique is
described in detail elsewhere [35, 39, 40]. The multisine signal was
generated with MATLAB R2013a software (MathWorks Inc.). Con-
trol of the DAQ-card and processing of the collected data was also
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Fig. 2. (a) Magnitude Bode plot and (b) Nyquist plot of the PVD aluminum oxide coated with PAA as a function of exposure time to the 0.1 M borate buffer electrolyte.
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Fig. 3. Bode plot of the impedance magnitude containing the experimental data, noise curve, noise on the excited frequencies and noise on the non-excited frequencies of the
measurement after 1h borate buffer exposure. The system behaves linear and stationary at all frequencies since all noise levels are overlapping. The impedance magnitude and
related noise levels in the low frequency region (0.05 Hz) are selected to compare with the infrared data.

achieved with MATLAB software. Impedance spectra are recorded
every 600 s between 0.01 and 2000 Hz.

ORP EIS measurements for the native and anodized aluminum
oxide metal sheets were conducted with the same three-electrode
setup Biologic SP-200 potentiostat and a National Instruments PCI-
4461 data acquisition(DAQ-)card. Equal excitation parameters and
0.1 M borate buffer were used. Impedance spectra are recorded every
600 s between 0.01 and 10% Hz. In Fig. 1, a schematic representation
is shown of the integrated setup and the setup for the two different
aluminum oxide types.

2.4. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were
conducted with a PHI-5000 Versaprobe II (Physical Electronics) uti-
lizing a Al Ko monochromatic X-ray source (1486.71eV photon
energy) with a spot diameter of 100um to measure surface com-
positions up to ca. 10nm in depth. The irradiation power of the
X-ray beam was 25 W. The kinetic energy of the photoelectrons was
measured with a take-off angle of 45°. The vacuum in the analysis
chamber was better than 1 x 10~9 Torr. Dual beam charge neutral-
ization was utilized to compensate potential charging effects. A pass
energy of 187.85eV and an energy step size of 0.1eV are used to
record survey scans. PHI Multipak software (V9.5) is used to analyze
the obtained XPS data. High resolution scans of the O 1s peak are
obtained with a pass energy of 23.5eV and 0.05 eV energy step size.

For the fitting procedure of the O 1s peak, the software CasaXPS was
used. The peak shape is a mixed Gaussian-Lorentzian, with a Shirley
type background.

2.5. Secondary electron microscopy

For secondary electron microscopy (SEM) imaging, a JEOL JSM-
IT300 equipped with a tungsten filament source is utilized. An accel-
eration voltage of 10kV was used together with a working distance
of 10 mm.

3. Results and discussion

3.1. Spectro-electrochemical analysis of PAA deposited on PVD
aluminum oxide exposed to borate buffer

3.1.1. 0dd random phase multisine electrochemical impedance
spectroscopy

The Bode plot (left) and the Nyquist plot (right) of the PVD alu-
minum oxide coated with PAA during different exposure times to the
borate buffer are shown in Fig. 2. An evolution in the low frequency
range of the magnitude of the impedance modulus is observed. More
specifically, an increase in the magnitude of the modulus is observed
during the first 1000 min, afterwards, a decrease in the magnitude
is observed. The Nyquist plot show part of a semi-circle that follows
the same trend, increasing during the first 1000 min after which its
size decreases again.
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Fig. 4. Infrared spectra selected at various borate buffer exposure times. The asym-
metric carboxylate at 1610cm™~" is specific for the ionic bond at the polymer/metal
oxide interface and is selected to be monitored as a function of exposure time.

Since ORP multisine EIS is utilized, an evaluation of the station-
arity and linearity at the given excitation signal of 10 mV is made
possible [35-37, 41]. The magnitude and phase Bode plots after one
hour of borate buffer exposure are shown in Fig. 3 together with
the noise curve, the noise + non-linearities curve and the noise +
non-stationarities curve. Since the curve of the noise + non-linearities
overlaps with the noise level, the system behaves linear. It is also
concluded that the system behaves stationary as the noise + non-
stationarities curve overlaps with the experimental noise curve. One
example is shown in Fig. 3, but this overlap of noise levels is valid for
every recorded measurement cycle. It is observed that these curves
make a nearly exact overlay with the experimental noise and it is
thus valid to use an electric equivalent circuit in order to model the
obtained impedance measurements.

3.1.2. Infrared spectroscopy in the Kretschmann geometry

The evolution of the spectra at the interface between the PVD alu-
minum oxide layer coated with the ultrathin PAA layer is shown in
Fig. 4 for selected exposure times of the polymer/metal oxide system
to the borate buffer. Since the background spectrum is the PVD alu-
minum oxide after polymer deposition in contact with ambient air,
all the changes at the interface are observed in the obtained spec-
tra. Positive peaks show molecular vibrations of functional groups
that build up or are formed at the interface and negative peaks indi-
cate functional groups that are disappearing from the interface with
respect to the initial (not exposed to the electrolyte) state of the
polymer/metal oxide.

Immediately after exposure to the borate buffer, peaks indicat-
ing water build-up at the interface are observed. These peaks are
located around 3500 and 1650 cm~!. The bands between 3000 and
2800cm~! are assigned to CH; stretching. These peaks are nega-
tive, indicating the replacement of CH, groups from the polymer
backbone at the interface by the water molecules. Positive bands
in the region of 1450-1620cm™"! indicate that carboxylate species
are formed at the interface after electrolyte exposure. The peak at
1610cm™"! is assigned to the v4(CO0~) carboxylate stretch, high-
lighted in Fig. 4. The symmetric carboxylate stretch v5(COO~) can
be found at 1442cm~! and 1502 cm~!. The continuously decreas-
ing negative peak at 952cm™! is assigned to the ¥(AlI—O0) of free
surface hydroxyl groups on aluminum oxide, showing the consump-
tion of this functional group at the interface. This trend reveals that
the surface hydroxyl groups interact in the ionic bond formation at
the interface. A more detailed peak assignment of this system and
the proposed adsorption mechanism of PAA on aluminum oxide is
discussed in previous work [8].

The advantage of the integrated spectro-electrochemical setup is
that information is obtained in situ. Moreover, the impedance data
is recorded in the same time-frame as the FTIR data, since a mul-
tisine signal is applied. This allows to make a direct comparison of
observations obtained with both techniques. From the infrared spec-
tra, the peak intensity of the v,(CO0~) carboxylate stretch located
at 1610cm™" is selected after baseline correction and is plotted as a
function of exposure time (peak location shown in Fig. 4). From the
ORP EIS Bode plot, changes at the low frequency range are observed.
Therefore, the magnitude and error value of the impedance value
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Fig. 5. Overlay of FTIR and Impedance data. The intensity of the asymmetric V4s(COO~) carboxylate stretch located at 1610 cm~" and baseline corrected as a function of electrolyte
exposure time (black dotted line) obtained with FTIR in the Kretschmann geometry; Magnitude and error values of the impedance at 0.05 Hz (blue dots). A direct link is observed
between the carboxylate bond at the interface and the impedance magnitude from the low frequency region.
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at 0.05Hz is selected (shown in Fig. 3). In Fig. 5, these two selected
parameters are plotted as a function of electrolyte exposure time. A
direct link is observed between the carboxylate stretch, indicative for
the ionic bond at the interface and the trend of the magnitude values
of the impedance in the low frequency range. During approximately
the first 1000 min, an increase in the FTIR peak intensity indicates
that more ionic bonds are being formed at the interface. This corre-
sponds with an increase of the magnitude of the impedance, because
the bond formation increases the resistance for the electric current
transfer. After these 1000 min, the IR intensity of the carboxylate
stretch decreases as well as the impedance magnitude. This corre-
sponds with a replacement of the ionic bonds at the interface due to
water build-up and macroscopically leads to a delamination of the
organic coating. Since there is a larger exposed metal oxide surface,
this leads to a lower resistance value.

This macroscopic delamination is observed when comparing the
SEM micrographs of a PAA coated aluminum oxide before and
after borate buffer exposure, shown in Fig. 6. In Fig. 6a, the pris-
tine PAA coated aluminum oxide surface is observed without any
inhomogeneity. The polymer layer is sufficiently thin. Hereby, the
surface structure of the etched aluminum oxide is observed through
the polymer deposition. When comparing this with Fig. 6b, clear
cracks and delaminated zones are observed. It can thus be concluded
that the exposure of the hybrid system to the aqueous electrolyte
leads to a destruction of the ionic bonds at the interface as a result of
water diffusion and macroscopically leads to delamination. In Fig. 6b,
it is observed that no corrosion products have formed during elec-
trolyte exposure. Since a borate buffer is used in the pH range of 8, a
passive aluminum oxide surface is formed. The use of a buffer keeps
the pH stable in the passivation region of the aluminum, preventing
the metal to dissolve. This allows us to only monitor interfacial
changes induced by the diffusion of the electrolyte and excluding any
corrosion-induced delamination phenomena.

3.2. Proposed electrical equivalent circuit (EEC) to describe the
PAA/aluminum oxide system exposed to an aqueous electrolyte

From the ORP multisine EIS analysis, it was shown that the sys-
tem behaves both linear and stationary. Therefore, it is allowed to
propose an EEC to model the impedance data. In Fig. 7a, the circuit is
shown. Here, Rg. represents the electrolyte resistance. Ry and Q; are
the resistance and constant phase element representing the PAA film.
R, and Q, are the resistance and constant phase element are assigned
to the aluminum oxide layer response. No other contributions are
expected to describe the polymer/metal oxide system, indicating the
physical validity of the proposed model.

The quality of the used model can be evaluated from Fig. 8,
where the proposed EEC (Fig. 7a) is fitted onto the experimental
data. A Levenberg-Marquardt method is used to vary the electro-
chemical parameters in order to minimize the distance between
the impedance-frequency equations of the model and the obtained
impedance values. Additionally, the data is weighted by the noise
values. This results in fitted electrochemical parameters and their
standard deviation. The ORP EIS approach also allows to compute
the complex residual of the fitted data. By comparing this complex
residual with the experimental noise data, a goodness of fit can be
determined. A nearly perfect overlap between the complex residual
and the experimental noise is observed, which is a condition for the
validity of the model. This is the second condition that is met for
accepting the model, next to the physical relevance of the proposed
model. The complex residual stays near the noise levels (with all
values under 10%) for every measurement cycle, therefore the good-
ness of fit is accepted for all measurements over the entire exposure
time. Since the raw impedance values are extracted directly from the
potentiostat without any compensation procedure, the noise levels
increase above a frequency of 103 Hz. This compensation procedure

10.0kV LED

Fig. 6. SEM micrographs of a PAA coated aluminum oxide substrate (a) before borate
buffer exposure and (b) after 3 days of borate buffer exposure. The aluminum oxide
substrate is an alkaline etched native oxide.

is typically built-in by the manufacturer in the operating software
of the potentiostat, but is absent in the custom built ORP EIS soft-
ware. This leads to a low signal-to-noise ratio from this frequency on
but in the high frequency region only the influence of the electrolyte
resistance is present. Fortunately, the electrolyte resistance is easily
modelled from the ORP EIS data, despite this relatively high signal-
to-noise ratio. The value of the electrolyte resistance varies around
150 Ohm-cm?, which is a reasonable value for the electrolyte resis-
tance. The fitted values of the constant phase element (CPE) of the
organic film (Q; ) has a value that varies around 30 + 4.5 uF/cm?2. The
thickness of polymer film can be estimated from this value, assum-
ing the dielectric constant (e¢) of the polymer layer is 1.6 (value for
polyethylene). This gives an estimated thickness of 4.740.3 nm. This
estimation corresponds well with previous work [8, 42]. When look-
ing at the fitted values of the constant phase element (CPE) of the
oxide layer (Q,), a value around 100 + 2.2 uF/cm? is obtained. If an
assumption of the dielectric constant (¢) for aluminum oxide is taken
to be 9.1, then a thickness estimation of 2.9 &+ 0.1 nm is retrieved.
This value corresponds well with the average thickness of passive
aluminum oxide layers [43].
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Fig. 7. (a) Equivalent electrical circuit to describe the PAA coating on aluminum oxide. The first time constant describes the organic layer (resistance R; and constant phase
element Q, ), the second time constant describes the aluminum oxide layer response (resistance R, and constant phase element Q,). (b) Bode magnitude and phase plot containing
the experimental data, modelled curve, complex residual, noise levels, noise on the excited frequencies and noise on the non-excited frequencies of the measurement at 1h of
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In Fig. 8, the fitted resistance values with the EEC (Fig. 7a) are
shown. Resistance values of the organic coating (R;) and resistance
values of the interface and oxide layer (R;) as a function of electrolyte
exposure time are plotted. An increasing trend of the resistance of
Ry is observed till approximately 1000 min, after which the resis-
tance reaches a plateau level. This can be explained because of the
response of the carboxyl groups of PAA. Due to the diffusion of the
borate buffer, the carboxylic acid functional groups of the polymer
deprotonate. This deprotonation leads to an acidification of the elec-
trolyte in the organic layer. Since a borate buffer is used to maintain
a constant pH, the borate buffer compensates this acidification. As
the buffer is a mixture of a weak acid and its conjugated base, the

acidification is compensated by shifting the equilibrium of the not-
completely ionized acid. This leads to a decrease of ion concentration
in the electrolyte and results in an increase in resistance of the
organic layer (Rq). This continuous up till the point that all the func-
tional groups are deprotonated by the diffusing electrolyte, and this
explains the plateau reached by the resistance values. For the resis-
tance (R;) assigned to the interface and oxide layer, the same trend
is followed as the impedance values in the low frequency range. The
same interpretation for the trend of the resistance values can be
given as discussed earlier, where the trend of the IR values of the car-
boxylate stretch follows a similar trend. Indicating that the changes
at the polymer/metal oxide interface lead to the variations in the
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Fig. 8. Fitted resistance values with the EEC shown in Fig. 7a. Resistance values of the organic coating (R ) and resistance values of the interface and oxide layer (R;) as a function

of electrolyte exposure time.
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resistance values. This allows us to assign the changes of resistance
R; to the changes occurring at the polymer/metal oxide interface. A
third and final condition to validate the proposed model is that all
parameters have reasonable values. Given the discussion, it is con-
cluded that all three conditions for validity are met and that the
proposed model is conclusive to describe borate buffer exposure to
the PAA/aluminum oxide system.

3.3. Comparison with different oxide types

To elucidate the effect of the aluminum oxide type on the stabil-
ity of the polymer/metal oxide interface, the type of oxide is varied
in the ORP EIS measurements. Samples are still coated with 0.1 wt
% PAA in methanol to form an ultrathin film. The first oxide type is
etched in 25 gL~1 NaOH to remove the oxide and is afterwards rinsed
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with H,0 and exposed to the ambient environment to create a pas-
sive oxide layer (native aluminum oxide). This oxide type has a similar
thickness as the oxide formed on the PVD deposited aluminum sub-
strate, but a different metallurgy exists between these two types. The
second oxide type is an anodized aluminum oxide with a thicker bar-
rier oxide layer. In Fig. 9, the Bode and Nyquist plots of the native
aluminum oxide coated with PAA and the anodized aluminum oxide
coated with PAA are shown as a function of electrolyte exposure
time. For the native aluminum oxide, a similar trend is noted as for the
PVD aluminum oxide. An evolution in the low frequency range of the
magnitude of the impedance modulus is observed. More specifically
an increase in the magnitude of the modulus is observed during the
first 1000 min, afterwards a decrease in the magnitude is recognized
similar to the observations for the PVD deposited type. The Nyquist
plot shows a similar trend. For the anodized aluminum oxide, the Bode
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Fig. 9. Bode plot and Nyquist plot of the native aluminum oxide coated with PAA ((a)-(b)) and anodized aluminum oxide coated with PAA ((c)-(d)) as a function of exposure time

to the 0.1 M borate buffer electrolyte.
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plot marks an increasing trend in the low frequency range, but then
stays constant. Also, the semi-circle in the Nyquist plot follows this
trend.

In Fig. 10, the Bode plot of the impedance magnitude containing
the experimental data, noise curve, noise on the excited frequencies
and noise on the non-excited frequencies of the measurement after
1 h borate buffer exposure for PAA coated native aluminum oxide and
PAA coated anodized aluminum oxide substrates are shown. Both sys-
tems behave linear and stationary at all frequencies since all noise
levels are overlapping. The impedance magnitude and related noise
levels in the low frequency region (0.05 Hz) are selected to compare
with PAA coated PVD aluminum oxide, their respective trends are
shown in Fig. 11.

Here, it is observed that the impedance magnitudes of PAA coated
native aluminum oxide follow a similar trend as those of PAA coated
PVD aluminum oxide. An initial increase in ionic bond/impedance
value is followed by a decrease indicating a delamination of the
polymer layer. For the anodized aluminum oxide, an initial trend is
observed in the impedance values in the low frequency range and
this increase is not followed by a delamination step of the poly-
mer/metal oxide system. This indicates that the anodized aluminum
oxide leads to a more stable interface. In order to unravel this obser-
vation, XPS analysis of the surfaces of the non-coated aluminum
oxide types is conducted.

In Fig. 12, the O 1s spectra of blank PVD, native and anodized
aluminum oxide are presented [44, 45]. The spectra are fit with con-
tributions for the metal oxide (02~ peak) at a binding energy of
530.4eV. For the hydroxyl groups, an OH peak is added at 1.2eV
(w.r.t. 02~ peak) and an adsorbed H,0 peak is added to the model
at 2.4eV (w.r.t. 02~ peak). The fitted spectra of the PVD and native
oxide demonstrate a similar contribution of the hydroxyl fraction.
From literature, it is known that the OH fraction of the metal oxide
surface is directly related to the amount of bonds formed at a poly-
mer/metal oxide interface [44, 46-52]. In our FTIR spectra, the O—H
peak located at 952 cm~! decreases upon electrolyte exposure. This
exposes that the free surface hydroxyl groups interact with the poly-
mer to form interfacial bonds. The similar hydroxyl content observed
in the O 1s spectra can explain the similar stability observed in the
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impedance data for the PVD deposited aluminum oxide (41% conc.)
and the native aluminum oxide (49% conc.). The O 1s data of the
anodized aluminum oxide evidence that this oxide type has a much
larger hydroxyl contribution (61% conc.) than the other two oxide
types. This can be linked to the observation of the impedance val-
ues of the low frequency range, where a stable region is observed for
the given exposure time. This observation shows that more hydroxyl
groups at the aluminum oxide interface lead to a more stable poly-
mer/metal oxide interface as more ionic bonds were formed before
exposure to the electrolyte. The ORP EIS methodology presented in
this work allows to determine the behavior of the polymer/metal
oxide interface. It is shown that the amount of free surface hydroxyl
groups on the oxide surface have a large impact on the formation
of chemical interactions at the polymer/metal oxide interface, as
observed in previous investigations. These observations validate the
followed methodology and the ORP EIS interpretation, proposed in
this work.

3.4. Comparison with PMMA depositions on aluminum oxide

PAA has a polymer chain with a carboxylic acid functional group
whereas PMMA contains a methyl methacrylate repeating unit.
Therefore PMMA is selected to investigate the stability at the alu-
minum oxide interface by making a comparison between these two
polymer types. In previous work, a set of surface analysis techniques
was utilized to characterize the formed hydrogen and ionic bonds
during reactive adsorption and to describe the effect of water on the
interface. It was demonstrated that water plays a mediating role at
the interface, where hydrolysis of the methoxy group leads to the
formation of methanol and a carboxylic acid functional group that
forms the ionic bond by interacting with the free surface hydroxyl
groups of the aluminum oxide [7].

The Bode plot of the impedance magnitude containing the exper-
imental data, noise curve, noise on the excited frequencies and noise
on the non-excited frequencies of PMMA/aluminum oxide after 1h
borate buffer exposure are shown. The system behaves linear at all
frequencies since the experimental noise level and the noise and non-
linearities curve are overlapping. A small level of non-stationarity is
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Fig. 10. Bode plot of the impedance magnitude containing the experimental data, noise curve, noise on the excited frequencies and noise on the non-excited frequencies of
the measurement after 1h borate buffer exposure for PAA coated native aluminum oxide (left) and PAA coated anodized aluminum oxide (right). The system behaves linear and
stationary at all frequencies since all noise levels are overlapping. The impedance magnitude and related noise levels in the low frequency region (0.05 Hz) are selected to compare

with PAA coated PVD aluminum oxide.
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observed in the frequency range of 50 Hz-1kHz, however, when
monitoring the instantaneous impedance levels, this amount of non-
stationarity can be neglected and modelling the data with an EEC is
reasonable.

An identical EEC is used to describe the PMMA/aluminum oxide
hybrid system as the one used for the PAA/aluminum oxide depo-
sitions (Fig. 7a). Rge. represents the electrolyte resistance. Ry and
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Fig. 11. Magnitude and error values of the impedance at 0.05 Hz (blue dots) for PAA
deposited onto (a) PVD aluminum oxide obtained with the spectro-electrochemical
setup, (b) native aluminum oxide and (c¢) anodized aluminum oxide as a function of elec-
trolyte exposure.

Q; are the resistance and constant phase element representing the
PMMA film. R, and Q, are the resistance and constant phase element
mimicking the polymer/metal oxide interface and the electrochem-
ical behavior of the oxide layer. In Fig. 13, the fitting quality of the
proposed model can be evaluated and a good overlap between the
complex residual of the fitting and the experimental noise levels
is observed. This indicates the goodness of fit of the proposed EEC
and the electrochemical parameters and their standard deviations
are obtained. The value of the electrolyte resistance varies around
150 Ohm-cm?. The fitted values of the constant phase element (CPE)
of the organic film (Q; ) and the oxide film (Q,) are respectively in the
range of 20 uF/cm? and 1 pF/cm?. The magnitude of these parameters
are physically meaningful. However, a discussion on the evalua-
tion of these parameters as a function of exposure time will not be
discussed.

The fitted resistance values of the organic coating (R;) and resis-
tance values of the interface and oxide layer (R;) as a function of
electrolyte exposure time are plotted in Fig. 14. The organic coating
resistance R; shows a strong decreasing trend up till approximately
800 min after which a stable but low resistance value is reached. The
decrease in Ry resistance is explained by the diffusion of the borate
buffer into the organic film. Due to electrolyte uptake, the conduc-
tivity of the organic film increases upon diffusion up till the point
that the polymer is saturated by the electrolyte. The resistance (R;)
assigned to the interface and oxide behavior as a function of exposure
time follows an increasing trend during the borate buffer exposure
up till the polymer film is saturated by the electrolyte. The relatively
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Fig.12. O 1s XPS spectra for non-coated PVD deposited, native and anodized aluminum
oxide. The O 1s spectra are fitted with an 02~ peak (purple), an OH peak (blue) and an
adsorbed H,0 peak (pink).
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non-excited frequencies of the measurement at 1 h of exposure to the electrolyte of PMMA deposited on native aluminum oxide. Data is fitted with the same EEC as proposed in

Fig. 7a.

larger error bars are a result of the low signal-to-noise ratio in the
low frequency range during the diffusion of water. Afterwards, this
signal-to-noise ratio of the measurement cycle increases in the low
frequency region, leading to much smaller error bars. After the elec-
trolyte diffusion, a plateau region in the resistance is reached. Also
here, it is concluded that all three conditions for validity are met
and that the proposed model is conclusive to describe borate buffer
exposure to the PMMA/aluminum oxide system.

In Fig. 15, an overlay of the fitted R, resistance values of the
PMMA/native aluminum oxide system is compared with the peak
intensity of the carboxylate stretch (1540cm~1) obtained with IR
in the Kretschmann geometry of a PMMA/PVD deposited aluminum
oxide. A good correlation is observed between the IR data of the ionic
bond at the interface and the fitted R, values. Initially, an increase in
ionic bond intensity/resistance value is followed by a plateau, sug-
gesting no delamination of the PMMA from the aluminum oxide
surface occurred.

4. Conclusion

The investigation reported here demonstrates the in situ mon-
itoring of the aqueous effect on polymer/metal oxide interfaces.
This is achieved by a spectro-electrochemical setup of FTIR in the
Kretschmann geometry and odd random phase multisine electro-
chemical impedance spectroscopy. Since both techniques record
data in the same time-frame, the obtained data can be directly com-
pared. The interfacial interactions of ultrathin PAA depositions on an
aluminum oxide surface are characterized as carboxylate ionic bonds
and changes induced by the effect of water diffusion at the inter-
face are probed in situ. This allowed to observe an initial increase in
the amount of ionic bonds. However, after a certain exposure time
the interfacial interactions are destroyed, which eventually leads to
macroscopic delamination as shown by SEM images of pristine and
electrolyte-exposed surfaces. The influence of the oxide type on the
polymer/metal oxide interface is investigated and the stability of the
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Fig. 14. Fitted resistance values with the EEC shown in Fig. 7a. Resistance values of the organic coating (R ) and resistance values of the interface and oxide layer (R, ) as a function

of electrolyte exposure time.

interfacial bonds is linked to the amount of free hydroxyl groups
on the aluminum oxide surface. XPS spectra of anodized aluminum
oxide showed a higher amount of hydroxyl groups than the native
and PVD aluminum oxide and this could be linked to the impedance
response of the low frequency region of PAA coated/anodized alu-
minum oxide, that showed a stable interface during the recorded
electrolyte exposure time. An electric equivalent circuit was pro-
posed to model the ORP EIS response of the PAA/aluminum oxide
system and the fitted resistance values could be physically described.
Finally, a PMMA deposition on aluminum oxide is investigated.
PMMA contains a methyl methacrylate repeating unit and previous

work showed that PMMA needs more water molecules at its inter-
face to hydrolyse the methoxide group and to form a carboxylate
bond with the metal oxide substrate. After fitting the proposed EEC,
a correlation is observed between the fitted electrochemical param-
eter assigned to the interface and oxide layer and the IR peak of
the asymmetric carboxylate stretch. Also for this system, an initial
increase in the amount of bonds at the interface and the fitted resis-
tance value is observed after which a stable region follows. This
indicates that the PMMA/native aluminum oxide forms a more sta-
ble interface than the PAA/native aluminum oxide. This difference
in stability might be explained due to the different adsorption
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Fig. 15. Overlay of FTIR and Impedance data. The intensity of the asymmetric v4,(COO~) carboxylate stretch located at 1540 cm~! and baseline corrected as a function of electrolyte
exposure time (black dotted line) obtained with FTIR in the Kretschmann geometry; Magnitude and error values of the fitted R, resistance (blue dots) of PMMA deposited on
native aluminum oxide. A direct link is observed between the carboxylate bond at the interface and the fitted R, resistance.

mechanisms of the respective polymers to bond to the aluminum
oxide surface. For PMMA, the adsorption mechanism of the poly-
mer on the aluminum oxide surface showed the need of a hydrolysis
step, followed by a deprotonation step [7]. This means that more
water is consumed at the interface to form the carboxylate bond,
than is the case for PAA. For PAA, the thermodynamic equilibrium
at the interface is shifted much faster towards bond breakage than
for PMMA [10, 11]. However, after continuous diffusion of the water
molecules, eventually also the thermodynamic equilibrium will shift
at the PMMA/aluminum oxide interface and prolonged exposure
time will also lead to bond breakage of the ionic bond. These obser-
vations show that IR spectroscopy in the Kretschmann geometry and
ORP EIS are suited techniques to in situ monitor interfacial interac-
tions at polymer/metal oxide systems under aqueous conditions. It
can be concluded that both the surface properties of the metal oxide
as well as functional groups of the polymer can alter the stability of
their interface when exposed to aqueous conditions.
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