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ABSTRACT: Polymer coatings are widely used to protect
metals from corrosion. Coating adhesion to the base material is
critical for good protection, but coatings may fail because of
cathodic delamination. Most of the experimental studies on
cathodic delamination use polymers to study the corrosion
behavior under conditions where the interfacial chemistry at the
metal(oxide)/polymer interface is not well-defined. Here,
ultrathin linear and cross-linked poly(methyl methacrylate)
[PMMA] coatings that are covalently bound to oxide-covered
zinc via a silane linker have been prepared. For preparation, zinc
was functionalized with vinyltrimethoxysilane (VTS), yielding a vinyl monomer-covered surface. These samples were subjected
to thermally initiated free radical polymerization in the presence of methyl methacrylate (MMA) to yield surface-bound ultrathin
PMMA films of 10−20 nm thickness, bound to the surface via Zn−O−Si bonds. A similar preparation was also carried out in the
presence of different amounts of the cross-linkers ethylene glycol diacrylate and hexanediol diacrylate. Functionalized and
polymer-coated zinc samples were characterized by infrared (IR) spectroscopy, secondary ion mass spectrometry (SIMS),
ellipsometry, and X-ray photoelectron spectroscopy (XPS). Coating stability toward cathodic delamination has been evaluated by
scanning Kelvin probe (SKP) experiments. In all cases, the covalently linked coatings show lower delamination rates of 0.02−0.2
mm h−1 than coatings attached to the surface without covalent bonds (rates ∼10 mm h−1). Samples with a higher fraction of
cross-linker delaminate slower, with rates down to 0.03−0.04 mm h−1, compared to ∼0.3 mm h−1 without cross-linker. Samples
with longer hydrophobic alkyl chains also delaminate slower, with the lowest observed delamination rate of 0.028 mm h−1 using
hexanediol diacrylate. For the coatings studied here, delamination kinetics is not diffusion limited, but the rate is controlled by a
chemical reaction. Several possibilities for the nature of this reaction are discussed; radical side reactions of the oxygen reduction
are the most likely path of deadhesion.
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1. INTRODUCTION

Corrosion of metals causes annual losses of several % of the
world gross domestic product.1 To enhance the corrosion
resistance of galvanized steel or ungalvanized steel, these are
often coated with polymers.2−4 However, achieving durable
adhesion at the metal(oxide)/polymer5 interface is always a
challenge: deadhesion of polymer coatings from the metal or
oxide substrate due to corrosive electrochemical processes is a
common problem which could lead to complete loss of desired
material properties. Regarding steel, including galvanized steel,
as well as zinc, cathodic delamination starting on an electrolyte-
filled defect is one of the main mechanisms of coating
deadhesion.2,3,6

The electrochemistry of cathodic delamination has been
widely investigated by scanning Kelvin probe experiments,
which lead to a detailed understanding of the electrochemical
aspects of the deadhesion mechanism.7−12 In cathodic
delamination, a galvanic cell is formed, where oxygen reduces
at a local cathode which propagates under the coating, while
metal dissolves at the local anode in the region where

delamination has already occurred. Oxygen reduction results
in the formation of hydroxide ions, which cause a pH rise near
the delamination front. Subsequently, deadhesion of polymer
coating from the metal(oxide)/polymer interface is observed.11

However, the nature of the bond which is actually broken
during the deadhesion process is not easy to assess.
A more general problem in polymer adhesion, which is

particularly striking in the study of delamination processes, is
the lack of detailed knowledge about the chemistry at the
polmer/metal or polymer/oxide interface.13,14 The direct
analytic probing of such a buried interface is difficult, as most
available nondestructive experimental techniques are not
interface specific, with the notable exception of sum-frequency
generation spectroscopy.15,16 Therefore, typically, the interface
is destroyed, and subsequently, the detailed analytical features
of surface analysis are available.9,17,18 As a pure analytic
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approach to an understanding of metal(oxide)/polymer
interfaces can give only limited answers, here we use a
synthetic approach, in which the metal(oxide)/polymer
interface is defined by chemical synthesis.
Polymer adhesion to oxide-covered metals can be signifi-

cantly enhanced when van der Waals interactions are replaced
by covalent bonding.18,19 Covalent bonding leads to an
enhanced resistance of polymer coating against cathodic
delamination. Covalently bound polymer coatings on inorganic
substrates are typically synthesized by two routes (a) a grafting
to approach,20−24 where presynthesized end functionalized
polymers are covalently bonded to the substrate or (b) a
grafting from/onto approach,24−29 where polymer is grown in
situ on the solid substrate. A special case is an ultrathin, highly
cross-linked plasma polymer film.30−33

Cathodic delamination studies have recently focused on the
role of ion transport,17,34,35 including quantification of transport
rates.36 Migration, rather than diffusion, has been shown to be
an important process for transport along the interface.37 The
effect of surface morphology was also investigated.38,39

Comprehensive parameter scans have been carried out.40 For
a better understanding of the chemical processes, delamination
experiments have been combined with infrared spectroscopy.41

Mathematical models of the electrochemical processes have
been developed, which permit a detailed analysis of the
kinetics.42 Most studies leave the surface chemistry ill-defined
or use complex industrial coatings, which permit only a global
understanding of the processes. Nevertheless, the detailed
understanding of the electrochemistry has led to novel coatings
with self-healing properties.43,44

Investigations of the direct linkage of coatings to the surface
is a subject of current interest18 and, e.g., bifunctional silane
linkers have been found to decrease degradation rates.19 To
overcome problems with the definition of interfacial chemical
bonds, we present here an approach were an ultrathin polymer
coating was synthesized. Metallic zinc substrates were modified
with vinyltrimethoxysilane (VTS), defining the covalent linkage
at the metal(oxide)/polymer interface. Subsequently, these
surface-functionalized zinc substrates were subjected to a
thermally initiated copolymerization of methyl methacrylate
(MMA) in the presence or absence of cross-linkers. Resulting
poly(methyl methacrylate) [PMMA] coatings have been
characterized, and their delamination behavior has been studied
using scanning Kelvin probe (SKP) and electrochemical linear
polarization experiments.

2. EXPERIMENTAL SECTION
2.1. Materials. Zinc sheets (purity, 99.95%) with a thickness of 1.5

mm were obtained from Goodfellow (Cambridge, UK). VTS, ethylene
glycole diacrylate (EDA), hexanediol diacrylate (HDA), MMA,
azobis(isobutyronitrile) (AIBN), toluene, and ethanol were supplied
by Sigma-Aldrich (Steinheim, Germany). MMA was purified by
distillation from CaH2 under a N2 atmosphere, while AIBN was
recrystallized in ethanol prior to use.45 All other chemicals were used
as received unless otherwise noted. Zinc substrates (15 mm × 15 mm)
were initially mechanically ground with SiC paper up to 4000 grit,
followed by polishing with silicon paste (1 μm) to have a smooth
surface. Polished samples were ultrasonically cleaned in acetone and
dried under a nitrogen stream. Prior to functionalization, zinc
substrates were immersed in 0.1 M NaOH for 1 min to increase the
concentration of hydroxyl groups.11 The substrates were then
thoroughly washed with deionized water. All synthesis steps were
performed under air exclusion in standard Schlenk tubes.

2.2. Surface Modification. The overall surface modification is
illustrated in Scheme 1. After the hydroxide treatment, zinc surfaces

were modified with VTS by a silanization reaction,46 to obtain a vinyl-
terminated, silane modified substrate. Functionalization was carried
out at room temperature by immersion of a polished zinc substrate in
an ethanol/water mixture (90:10) containing 0.007 M of VTS. After
24 h, the sample was removed, cleaned sequentially with excess
acetone and ethanol to remove physisorbed molecules, and dried
under a pressurized nitrogen stream.

For polymerization reactions, initially, toluene (40 mL) was
degassed by performing three freeze−thaw−pump cycles. Subse-
quently, MMA was added to reach a final concentration of 0.007 M,
and AIBN was added to the solution in a concentration of 1 wt %
relative to MMA. The mixture was stirred until a homogeneous
solution was obtained. A functionalized zinc sample was then
introduced into the reaction mixture, and the temperature was raised
to 70 °C in order to initiate a polymerization reaction. After 24 h, the
zinc sample was removed and washed with excess acetone, followed by
ultrasonic cleaning for 1 min in a toluene solution in order to remove
any remaining traces of polymer which is not covalently linked to the
zinc. Later, the samples were dried in a nitrogen stream.

For the preparation of polymer coatings with different cross-linking
densities on zinc substrate, the same polymerization procedure was
employed, with different molar fractions (25% or 50%) of the
respective cross-linking agent (EDA or HDA) added to the solution.
The total monomer concentration (EDA/HDA + MMA) was kept
constant.

2.3. Characterization Methods. Modified samples were charac-
terized by infrared (IR) spectroscopy on a Bruker Vertex 70v Fourier
transform IR spectrometer (Bruker, Karlsruhe, Germany). Reflectance
IR spectra of functionalized and polymer-coated zinc samples were
taken with a spectral resolution of 4 cm−1 at an angle of incidence of
80° using p-polarized light. A liquid nitrogen cooled, middle band
mercury cadmium telluride detector was used for detection. Prior to

Scheme 1. Scheme of the Surface Modification Steps Carried
out in This Work
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surface modification, background spectra were obtained from freshly
cleaned zinc samples. The reflectance absorbance spectra shown in this
work were recorded against these backgrounds.
To analyze the surface composition, X-ray photoelectron spectros-

copy (XPS, Quantum 2000, Physical Electronics, Chanhassen, MN,
USA) was performed at a takeoff angle of 45°, with a monochromatic
Al Kα source (1486.6 eV) at a pass energy of 23.5 eV. The energy
resolution used was 0.2 eV. Survey scans were performed to scan the
sample for relevant elements (pass energy = 100 eV, energy step = 0.5
eV). The 1s elemental peak from carbon (285 eV) and 2p from silicon
(103 eV) were measured with higher resolution (energy step 0.2 eV,
pass energy 22.5 eV).
Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

measurements have been executed with a PHI TRIFT CE (Physical
Electronics), applying a gallium ion gun on a spot size of 100 μm ×
100 μm. The primary gallium ion beam was used with an energy of 15
kV, and the same ion beam was used for sputtering for 120 s on a spot
size of 200 μm × 200 μm to remove ambient impurities before
measuring the mass spectrum.
To determine the thickness of as synthesized polymer coatings,

ellipsometry measurements were performed using a UV/visible
spectroscopic ellipsometer (SE 800, Sentech Instruments GmbH,
Berlin/Krailling, Germany) in the wavelength range of 400−800 nm.
Measurements at three spots per sample were taken with an incident
angle of 70°. Differences in ellipsometric parameters with respect to
the bare zinc substrate were analyzed. Film thickness of the polymer
layer on samples, regardless of modification, was obtained by fixing the
refractive index of the polymer coatings to 1.5 and considering it in
first approximation as wavelength independent. The value of 1.5 is
close to the refractive index of PMMA of ≈1.48.47
2.4. Electrochemical Evaluation of Stability. Delamination

experiments were performed on a commercial scanning Kelvin probe
(SKP) system from KM Soft Control (Wicinski - Wicinski GbR,
Wuppertal, Germany) with a 100 μm NiCr tip in humid air and
nitrogen atmospheres. Before each experiment, the Kelvin probe was
calibrated to the standard hydrogen electrode (SHE) against a Cu/
CuSO4 reference electrode. Polymer-covered zinc samples produced
here were spin coated with 5 wt % poly(vinyl butyral) [PVB] in
ethanol to yield a 1 μm thick polymer film. This PVB coating prevents
the spreading of the electrolyte above the acrylate-coated zinc samples.
Unmodified zinc substrates were spin coated with PVB, and
delamination experiments were performed under similar conditions
to evaluate the effect of the PVB alone. In order to initiate a cathodic
delamination process, an artificial defect was created at the edge of the
sample with a scalpel, and the defect was filled with 1 M KCl. The
samples were subsequently introduced into a humid SKP chamber at
92% to 95% relative humidity at a temperature of around 23 °C. The
progress of the delamination from was analyzed as described
elsewhere.11 The first point, which shows the potential of the intact
interface, was used as the position of the delamination front. Typically,
3 to 5 samples for each given preparation were analyzed. The results
presented are results of the median sample; i.e., after sorting the
samples in the order of increasing stability, the sample with the middle
performance was selected for presentation.
Linear polarization experiments were executed in 0.1 M KCl

electrolyte by using a Voltalab Radiometer PST050 potentiostat at a
scan rate of 5 mV/s. The potentiodynamic measurements were started
after 1 h stabilization time of the open circuit potential (OCP) from
+100 mV vs OCP anodic to −200 mV to the cathodic direction. The
tested specimen had a geometric area of 0.63 cm2. All experiments
were performed in a self-made 3 electrode setup. As counter electrode,
a graphite stick was used. A commercial Ag/AgCl/3 M KCl reference
electrode (Metrohm, Filderstadt, Germany) served as reference
electrode. All potentials are quoted here versus standard hydrogen
electrode (SHE). The corrosion current densities icorr were calculated
from the polarization resistance Rp according to an established
procedure.48 Rp was determined as the slope of the linear polarization
curve from −15 to +15 mV around Ecorr. The Tafel slopes of the
anodic and cathodic branch, βa and βc, respectively, were obtained

from linear regions of the Tafel plots. Corrosion current densities were
then calculated as48

β β
β β

=
+

i
Rln(10) ( )corr

a c

p a c (1)

Two samples were analyzed for each given preparation.
Using a Gamry PCI4/Series G Family potentiostat (Gamry

Instruments Inc.) with the same electrode setup as for linear
polarization experiments, electrochemical impedance spectroscopy
(EIS) was performed in the frequency range of 10−1 to 105 Hz (10
points/decade of frequency f) with 15 mV amplitude of the sinusoidal
voltage modulation, at the corrosion potential. The experiments were
conducted in a borate buffer solution, containing 0.2 M H3BO3, 0.05
M Na2B4O7, and 0.1 M Na2SO4. The pH of the solution was measured
as 8.4 ± 0.4. The used electrolyte provides good conductivity to
perform the EIS experiments and is expected to suppress undesired
formation of (sometimes protective) corrosion products. Samples
were PVB coated and have been prepared as for the SKP
measurements. No strong changes in the spectra have been observed
after even several hours of exposure time to the solution, as water
uptake starts to be decisive only after >24 h. Echem Analyst software
(Gamry Instruments) has been used for fitting of the obtained data.

3. RESULTS AND DISCUSSION

3.1. Surface Modification. Zinc samples were first treated
with a reactive silane coupling agent (VTS) that contains a
polymerizable vinyl group. As shown in Scheme 1, the zinc
surface was modified with VTS via hydrolysis of the monomer
in the ethanol/water (90:10) mixture at room temper-
ature.49−53 The addition of water to the reaction mixture
promotes the hydrolysis of methoxy groups that are present in
VTS, resulting in the formation of Zn−O−Si bonds, as will be
shown below.
To examine the composition of the functionalized zinc

surface, IR, XP, and mass spectra were recorded. Figure 1a
shows an IR spectrum of a VTS-modified zinc surface. The
bands at 3020, 2965, 2921, and 2850 cm−1 are assigned to C−
H stretching vibrations.54 Furthermore, the peaks at 1265,
1110, 1018, and 824 cm−1 are modes typically observed for
organic siloxane-based structures.55 The modification of the
zinc surface with VTS was further verified by conducting XPS
measurements. Figure 1b shows a high-resolution XP spectrum
of the Si 2p signal at the functionalized zinc sample. The
presence of this Si 2p signal can be clearly identified, indicating
the presence of the silicon on the zinc surface. To further verify
the presence of chemical bonding between zinc and the silane
coupling agent, ToF-SIMS analysis was performed. Initially, the
top layer of VTS was sputtered away by ion etching, to analyze
the interfacial region between the native oxide on zinc and the
organosilane. In the region between organic film and native
oxide, the fragment ZnOSi+ was detected, as shown in Figure
1c. The ion pattern of the fragment ZnOSi+ should reflect the
isotopic abundance of the elements present; the observed
distribution is in close agreement to the calculated distribu-
tion.56 Deviations at the peaks of species with lower abundance
at ≈109 and ≈111 amu are attributed to contributions of
organic fragments to the totally measured count rate. The
presence of the ZnOSi+ fragment is an indication of the
formation of a covalent bond between organosilane and the
native oxide on zinc.56 It is known that hydrolyzed
alkoxysilanes may react with each other to form a dense
polymeric film on the surface,50,57 while care is needed to
ensure the formation of a monolayer.46 Here, ellipsometric
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analysis yields a thickness of 2−3 nm of the silane layers, clearly
above monolayer coverage, but still significantly below 10 nm.
Formation of a covalent bond between PMMA and the VTS-

modified surface was achieved by performing a thermally
initiated polymerization of methyl methacrylate in the presence
of the modified zinc substrate with AIBN as initiator (see
Scheme 1). Two fractions of PMMA after the copolymerization
reaction were obtained, a covalently surface-bound fraction and
a fraction without covalent bond to the surface. The fraction
that is physisorbed on the surface was washed with excess
toluene to remove the nonbounded polymer. Figure 2a shows
the measured IR spectra after copolymerization. Appearance of
characteristic CO stretching mode as a band at 1735−1740

cm−1 is an indication of the presence of an acrylate bound to
the zinc sample.54 In addition to copolymerization with the
monofunctional monomer MMA, polymerization was also
carried out in the presence of bifunctional acrylates with
different chain length and different molar fractions (25% and
50%). The presence of such monomers in the copolymerization
results in films consisting of cross-linked polymers. Figure 2b−e
shows the IR spectra of polymer films prepared in the presence
of cross-linker. Furthermore, XP spectra (Figure 3) of polymer-
modified samples show the expected C 1s and O 1s peaks. The
high resolution C 1s spectrum can be decomposed into four
distinct peaks at 284.8, 285.4, 286.4, and 288.8 eV that originate
from aliphatic carbon, C−COO, C−O, and COO, respec-
tively.58 The fraction of COO was quantified to be in the range
of 8% and 17% of the total carbon, without a clear trend
between the different polymers, but with high repeatability
between different samples of the same polymer. This fraction is
slightly lower than expected (for HDA homopolymers 16.7%,
for pure PMMA 20%, and for EDA homopolymers 25%). The
fraction detected by XPS is, however, also affected by the
distribution of the elements inside the thin films. The results
here may indicate that carboyxl groups may be enriched inside
the film, and oxygen-poor parts of the polymer chains may be
present directly at the surface. Initiator fragments inside the
film may also lower the COO fraction. In all samples after
polymerization, the Si 2p peak remains centered at 102 eV, as
shown for the VTS-modified surface in Figure 1b. This peak

Figure 1. (a) IR spectrum of VTS-modified zinc. (b) Si 2p region of
the XP spectrum of VTS-modified zinc. The presence of the signal
confirms the presence of silane on the surface. (c) SIMS showing the
isotope distribution of ZnOSi+ fragments from the surface of VTS-
modified zinc. Expected isotope distribution is shown as vertical lines
(green |) ca. 0.3 amu below the experimental peak.

Figure 2. IR spectra of different covalently bound polymer coatings on
zinc, (a) PMMA without cross-linker, (b) PMMA + 25% EDA, (c)
PMMA + 50% EDA, (d) PMMA + 25% HDA, and (e) PMMA + 50%
HDA.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504992r | ACS Appl. Mater. Interfaces 2014, 6, 18112−1812118115



position is typical for organosilanes,58 indicating that these
structures are still present in an unmodified form after
polymerization. In the XP spectra, Zn peaks are absent except
for films with a thickness <10 nm, confirming a full coverage of
the zinc with polymer on the level of XPS sensitivity.
The thickness of the obtained polymer films was analyzed by

ellipsometry. As shown in Table 1, an increase in the cross-

linker fraction results in the reduction of polymer film
thickness. This observation is tentatively attributed to a higher
rate of quenching of the propagation reaction in case larger
amounts of cross-linker are used.59 Ellipsometric spectra could
be well-described by a simple ambient−film−substrate model,
which confirms that the films are not inhomogeneous on the
length scale of several tens of nanometers.
3.2. Model Corrosion Experiments. In order to study the

stability of these produced silane-bonded PMMA coatings
against cathodic delamination, the propagation of a delamina-
tion front from a defect filled with 1 M KCl was monitored by
scanning Kelvin probe measurements. Figure 4 shows the SKP
potential profile recorded on spin coated PVB, as well as on
covalently bound PMMA. Scans were obtained by scanning
along the surface from the artificial defect and show the
recorded potential as a function of distance from the defect for
different times. In the initial stages of the experiment, the SKP
measures the potential of an intact (i.e., noncorroded)
polymer/oxide/metal interface all over the sample. However,

with time, cathodic delamination is initiated in a humid air
atmosphere on both samples as shown in Figure 4.
Consequently, during passage of a delamination front, two
distinct potential levels are observed.11 The more negative
potential (≈−0.7 V) indicates actively corroding zinc in the
region where the polymer is already delaminated, while the
more positive potential (≈−0.2 V) indicates an intact polymer/
metal interface.11 Between these two potentials, a sharp
transition region can be observed, which is the position of
the delamination front.11

The progress of the delamination front with time t is plotted
in Figure 5 for several coatings. Plotting the same results on a
double logarithmic scale (Figure 5a) enables one to determine
the exponent α of the time dependence. While for diffusion
controlled processes the position d of the delamination front
travels as d ∼ t1/2 (α = 1/2),9 a time dependence as d ∼ t1 (α =
1) is expected if a first-order reaction is rate-determining.
Alternatively, d ∼ t1 may indicate migration in a constant static
electric field. Here, exponents α ≈ 1 are found, with maximum
5% deviation for all except one portion of the curve, which will
be discussed below. Hence, the delamination rate r was
determined from the slope of a linear fit in Figure 5b. The rates
for different samples are shown in Table 2. Figure 5b shows
that the progress of the delamination front is inhibited on zinc

Figure 3. C 1s region of the XP spectrum of zinc with different
polymer coatings, (a) PMMA without cross-linker, (b) PMMA + 25%
EDA, (c) PMMA + 50% EDA, (d) PMMA + 25% HDA, and (e)
PMMA + 50% HDA. The line represents the respective peak position
for the atom shown in bold on its label.58

Table 1. Polymer Film Thickness Obtained from
Ellipsometric Measurements for PMMA Samples with
Different Cross-Linker Ratios

sample thickness/nm

no cross-linker 25 ± 5
25% EDA 12 ± 2
50% EDA 9 ± 2
25% HDA 14 ± 3
50% HDA 12 ± 3

Figure 4. Scanning Kelvin probe delamination profile of (a) covalently
bound PMMA on zinc and (b) weakly bound PVB used for reference
purposes, both in air.
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substrate modified with covalently bound PMMA without
cross-linker (r = 0.27 ± 0.02 mm h−1), compared to the
reference sample with spin-coated PVB (r = 11.2 ± 0.5 mm
h−1) and spin-coated PVB on VTS-modified zinc (r = 0.52 ±
0.03 mm h−1). When changing from a humid air atmosphere to
humid nitrogen, no cathodic delamination was observed. In this
case, the potential remained at the potential of the intact
polymer/metal interface. (Attempts to produce PMMA films by
spin coating, which were not covalently linked but have a
thickness comparable to the thickness of the synthesized layers,
failed.)

In order to gain further insight into the effect of network
chain length and degree of cross-linking on the stability of these
coatings against corrosion in general and against cathodic
delamination in particular, additional coatings were synthesized
on VTS-modified zinc substrates with two different cross-linker
chain lengths. The different molar ratios empolyed should
result in a different degree of cross-linking. Delamination was
monitored by SKP, and the delamination rates obtained are
included in Figure 5. In one case of the cross-linked samples,
namely, in the case of coatings containing 50% HDA cross-
linker, a t1 behavior is found initially, which at larger times
changes to t1/2. Such a transition is observed only for this
particular type of sample. Overall, the results show a higher rate
of delamination for EDA-cross-linked samples compared to
HDA-cross-linked samples. That is, polymer coatings with a
shorter cross-linker chain length delaminate faster than coatings
with a longer chain between the two polymerizable functional
groups of the cross-linker. Further, an increase in the amount of
cross-linker leads to a decrease in the delamination rate. EDA-
cross-linked samples delaminate, however, at a similar rate than
non-cross-linked samples.
Furthermore, investigation of the samples after a delamina-

tion experiment with scanning electron microscopy reveals the
growth of crystalline ZnO corrosion products. The growth of
zinc oxide/hydroxide structures after cathodic delamination has
been shown in the past.11,39

The corrosion resistance of the different coatings was also
evaluated by performing linear polarization experiments.
Typical Tafel plots obtained for bare zinc and coated zinc are
shown in Figure 6. (It must be noted that, compared to the
SKP experiments, no PVB coating was present for these
experiments.) Corresponding corrosion current rates were
calculated from the polarization resistance48 and are tabulated
in Table 3. The highest values of corrosion current were
naturally recorded for bare, uncoated zinc. Consequently, zinc
oxidation rates (from oxide formation and dissolution) as well
as the accompanying cathodic reaction, most likely the oxygen
reduction reaction in this system, are the highest for pure zinc.
Overall corrosion currents are lower for coated zinc samples,
showing that indeed the coatings have the expected corrosion-
inhibiting effect. The comparison of the corrosion currents
from the different samples (Table 3) shows that all cross-linked
coatings show lower corrosion currents than coatings without
cross-linking. The sample with the lowest overall corrosion
current is the same one that shows the lowest delamination
rate. However, the difference between EDA and HDA is not
clearly visible in the corrosion currents. Both coatings also
inhibit the dissolution as expected, which is shown in the lower
currents in the anodic branch of the plots in Figure 6.
The typical Bode plots of the investigated materials after 2 h

of immersion are given in Figure 7. The 50% HDA cross-linked
polymer indicates a prevailing capacitive behavior. The
corresponding EIS spectrum shows only one time constant
after 2 h of immersion. However, in the case of the other
samples, the phase angle is starting to decrease at lower
frequencies, a consequence of the electrolyte ingress into the
polymer. As a consequence of the penetrating solution,
electrochemical reactions can take place at the metal surface,
resulting in the presence of a second time constant in the Bode
plots.60 The first process at high frequencies can be attributed
to the coating capacitance and resistance. The second process
at low frequencies can be related to the charge transfer
resistance and the electrical double-layer capacitance at the

Figure 5. Comparison of the delamination rates for polymer coatings
with different cross-linker amounts (a) on a double logarithmic scale
and (b) on a linear scale. In plot (a), two dotted lines show the
expected slopes for d ∼ t and d ∼ t1/2, as indicated in the graph. The
delamination rates resulting from linear fits, averaged over three
samples, are shown in Table 2.

Table 2. Delamination Rates and Standard Deviations for
the Different Samples, Based on Linear Fits of Plots as in
Figure 5ba

sample delamination rate/mm h−1

pure PVB 11.2 ± 0.5
VTS 0.52 ± 0.03
no cross-linker 0.27 ± 0.02
25% EDA 0.22 ± 0.02
50% EDA 0.042 ± 0.004
25% HDA 0.039 ± 0.003
50% HDA 0.028 ± 0.004

aAll samples were covered with PVB, as explained in the Experimental
Section.
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metal/solution interface.60 Moreover, on the basis of the
decrease of the impedance modulus at the lowest frequencies
(10−1 Hz), a comparison of the protective properties of the
selected systems can be made, via the charge transfer resistance.
There is a tendency for the more hydrophobic HDA cross-
linker to grant better protection from water ingress than the
EDA cross-linker. Higher cross-linker concentrations also slow
down the penetration of the electrolyte to the metal surface.
Plasma polymers are ultrathin polymer films which are

typically highly cross-linked. The charge transfer/polarization
resistances found here for coatings by free radical polymer-
ization are in a similar order of magnitude compared with
literature data on plasma polymers.61 The slowest delamination
rates found here are of the same order as published results for

plasma polymers on steel with even lower electrolyte
concentration.30

3.3. Discussion of the Chemistry of Cathodic
Delamination. First, it is obvious that the presence of a
coating on metallic zinc reduces the corrosion rates, as it
inhibits interfacial electron transfer reactions through blocking
transport paths and active sites. Second, a covalently bound
coating delaminates considerably slower than a coating which is
attached to the surface by van der Waals forces only. It is
known that modification of oxide-covered metal surfaces with
covalently bound polymers inhibits the oxygen reduction
reaction at the polymer/metal interface as a result the strong
chemical bond.62−64

The linear dependence of the delamination front location
from the experiment time shows that diffusion (e.g., of oxygen
or water through the coating) is not rate limiting.9 Indeed, for
low oxygen partial pressure, the contribution of ion diffusion to
overall transport was reported to be overestimated.17

Consequently, the differences observed for delamination rates
and corrosion currents between the cross-linked polymer
coatings cannot be explained by differences in transport
through the thin polymer films. Likewise, the relatively small
differences between the polymer coating thicknesses cannot
explain the observed differences, as the thinner coatings with
high molar ratios of cross-linkers show lower corrosion currents
than the slightly thicker coatings.
The overall amount of hydrophobic groups is one factor

contributing to the observed differences between the coatings.
Large fractions of HDA in the monomer solution lead to the
presence of a large fraction of hydrophobic alkyl chains in the
final polymer. EDA as cross-linker on the other hand does not
significantly alter hydrophilicity of the polymer layers compared
to PMMA. Hydrophobic polymer layers cannot take up as
much water as less hydrophobic coatings. Lower availability of
the solvent water during the corrosion process is decreasing the
corrosion rate and the delamination rate. The coating, which is
expected to be the most hydrophobic, changes to a transport-
controlled delamination mechanism at longer exposure.
The behavior of the coatings in linear polarization experi-

ments and in delamination experiments is not the same.
Coatings without cross-linker show similar delamination rates

Figure 6. Polarization curves in the form of Tafel plots in 0.1 M KCl
for zinc with different coatings, (a) with EDA cross-linker and (b) with
HDA cross-linker.

Table 3. Corrosion Current Densities icorr for Differently
Coated Samples in 0.1 M KCla

sample βa/mV dec−1 βc/mV dec−1 Rp/Ω cm2 icorr/μA cm−2

zinc uncoated 104 ± 4 176 ± 3 317 ± 15 89 ± 5
no cross-
linker

105 ± 4 196 ± 8 780 ± 60 38 ± 4

25% EDA 43 ± 3 161 ± 2 860 ± 30 17 ± 1
50% EDA 54 ± 2 168 ± 3 1120 ± 30 15.8 ± 0.7
25% HDA 62 ± 2 150 ± 3 1560 ± 50 12.2 ± 0.6
50% HDA 58 ± 2 137 ± 3 4200 ± 200 4.2 ± 0.3
adec = decade of current. “no cross-linker” refers to non-cross-linked
PMMA.

Figure 7. Bode plots (top: modulus of impedance |Z|; bottom: phase)
for the selected polymer systems as indicated in the graph after 2 h of
immersion in borate buffer. The straight lines represent the fitted
curves of the corresponding sample.
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as EDA-cross-linked coatings, while their corrosion currents are
twice as high. As cross-linked coatings block transport routes in
between different polymer chains, they decrease the corrosion
current but not the delamination rate. Delamination rates do
overall roughly follow the same trends as observed for the low-
frequency impedance modulus, which reflects the charge
transfer resistance.
The observed t1-delamination kinetics may be determined by

migration of ions in a constant electrostatic potential gradient
or by a first-order chemical reaction. In migration in the electric
field, ion flux is proportional to the electric field gradient (e.g.,
ref 37). When comparing the delamination curves (e.g., shown
in Figure 4), it becomes obvious that the potential difference
between active and nonactive region is very similar for all
polymers. With the lateral resolution used here, the distance
above which the potential drop is observed is also quite similar
for the different samples. Hence, the differences in delamina-
tion rate between the different samples caused by migration in
the electric field alone should be rather small. We therefore
focus on the discussion of the chemical reactions being
responsible for the observed differences between the coatings.
Considering cathodic delamination, two types of reactions

could be rate determining, either the oxygen reduction reaction
(ORR), which drives the delamination front, or the deadhesion
process, which involves breaking of covalent bonds in the
reactions here. It is hard to see why the rate of the ORR should
depend on the amount of cross-linker present in the
preparation. Instead, the ORR rate, as any rate of an electron
transfer reaction, is a sensitive probe of the state of the
interface, especially of defects in the layers, i.e., the free metal
surface which is available to the electron transfer reaction.
While it is possible that the presence of the cross-linker in the
copolymerization reaction modifies the interface, it is less likely.
All surfaces were subjected to identical treatments before
polymerization, so the metal(oxide)/silane interface is
supposed to be identical.
In the actual deadhesion process, several processes could

potentially occur. It is known that the hydoxide as reaction
product of the ORR leads to strongly alkaline conditions in the
vicinity of the delamination front.11 Hydroxide could be
involved in a number of follow up reactions: (a) in the alkaline
dissolution of zinc oxide under hydroxozincate formation
according to

+ + →− −ZnO 2OH H O Zn(OH)2 4
2

(2)

or (b) in the alkaline hydrolysis of Si−O bonds under silicate
formation according to

− − + ⎯ →⎯⎯⎯ +
−

R Si( OR ) 3H O R Si(OH) 3R OH(1) (2)
3 2

OH (1)
3

(2)

(3)

Both reactions are possible at pH > 11.65 Both dissolution of
ZnO and hydrolysis of Si−O bonds are not expected to be
affected by the presence of cross-linked structures in the
polymer film. In both cases, the inorganic part of the metal/
polymer interface will dissolve. A further degradation reaction is
an alkaline ester hydrolysis of the PMMA under formation of
carboxylate and alcohol according to

− − + → − +− −R COO R OH R COO R OH(1) (2) (1) (2) (4)

This reaction does, however, not lead to a breakage of the
polymer main chain and, hence, not to deadhesion of the
complete coating. Alkaline ester hydrolysis would, however,

affect the cross-linking, as both cross-linkers link polymer
chains via ester bonds. As an alternative to processes involving
OH−, radical reactions are other candidates which could lead to
the deadhesion of the polymer films. Radical intermediates have
been shown to occur in the ORR.66,67 Here, only a radical
reaction can explain all the results without involvement of a
complex coupling of polymer degradation and, e.g., zinc oxide
dissolution. Previous reports have shown a decrease in
delamination rate in the presence of radical scavengers.68

The situation encountered in this work is significantly
different from the situation in a previous work, where a larger
cross-linker amount was found to lead to higher delamination
rates in latex polymers because of the increase in interfacial free
volume.69 Interfacial free volume can form in a significant
amount in coatings, which form by coalescence of latex
particles, but is less likely to occur in a significant amount in
coatings prepared directly by free radical polymerization, as is
used here. Especially, if interfacial free volume forms, its
relation to the cross-linking is not straightforward.

4. SUMMARY AND CONCLUSIONS

Free radical copolymerization of dissolved and surface-bound
monomers has been used to synthesize PMMA coatings with
thicknesses in the order of 10−20 nm on the industrially
relevant metal zinc. Adding certain amounts of cross-linkers
enables a systematic variation of the degree of cross-linking in
the resulting coatings. The coatings prepared here are
covalently linked to the base metal via organosilanes. Such
coatings show a larger resistance toward cathodic delamination
than coatings bound exclusively via van der Waals interactions.
The delamination rate decreases to <1/10 only by introducing
covalent bonds to the base metal. Introduction of cross-linkers
further slows down delamination, with another factor of ∼10
between non-cross-linked PMMA and samples with 50% cross-
linker. Comparing the two cross-linkers used in this study, the
more hydrophobic HDA yields the lowest delamination rates of
all samples investigated in this study, 0.028 ± 0.004 mm h−1.
The coatings prepared here via a wet chemical process lead to
similar delamination rates, corrosion current densities, and
charge transfer resistance values as plasma polymers prepared
by a gas phase process.
Delamination rates are reaction-controlled for the systems

investigated here, as shown by the t1 dependence. In particular,
diffusion limitation can be excluded, as this would lead to a t1/2

dependence. Because delamination rates depend on the
presence of cross-linkers and the degree of cross-linking, the
rate-limiting reaction must be related to the polymer of the
coating. This observation rules out alkaline zinc oxide
dissolution and siloxane bond hydrolysis as the sole reactions
leading to deadhesion. Radical reactions as side reactions of the
oxygen reduction can explain the observed trends in the
delamination rate with variation of interface composition. A
delamination mechanism not centered around radical reactions
needs to involve an unlikely coupling by an unknown
mechanism between alkaline dissolution of inorganic surface
linkages and polymer degradation.
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