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The effect of zirconium-based conversion of thermally vaporized zinc, aluminium and magnesium on the che-
misorption of dimethylsuccinate was studied using attenuated total reflection — Fourier transform infrared
spectroscopy (ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) analysis. Two competing chemisorption
mechanisms contribute to interfacial bond formation. Hydrogen interactions on one hand were shown to occur
between metal hydroxides and non-hydrolysed ester-groups of the molecule. On the other hand, both native and

zirconium-treated substrates were shown to form interfacial carboxylate bonds with dimethylsuccinate, evi-
dencing their capability of hydrolysing ester groups towards more reactive acid groups. Both interactions were
shown to correlate to the metal oxide acid-base properties.

1. Introduction

Coil coated galvanized steel is frequently used in outdoor applica-
tions, mainly in the building sector for roof and cladding purposes. For
durable use a high resistance against dry, wet and corrosive paint de-
lamination is desired. Limited zinc resources, as well as more strict
corrosion performance requirements, create a major industrial interest
in shifting from conventional hot dipped galvanized steels to more
corrosion resistant zinc-aluminium-magnesium based metallic coatings
[1-3]. The addition of small amounts of magnesium results in two to
four times longer corrosion protection than the standard zinc alloy
[2,4]. Therefore, thinner, weight-saving coatings with comparable or
even better performances are achieved while optimizing process costs.
A disadvantage of zinc-magnesium alloys is the deteriorated adhesion
to the underlying steel substrates [5]. This can be solved by adding
aluminium to the alloy, at least equaling the level of magnesium, which
at the same time offers the possibility of further improvements in cor-
rosion protection. Although small amounts of aluminium and magne-
sium, typically below 2 wt%, are added to the zinc coating, due to
migration effects, they are largely present at the surface where they
form eutectic structures, consisting of zinc- and aluminium rich phases,
and zinc-magnesium binary phases [1]. Both types of galvanized steel,
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being traditional hot dipped galvanized steel and zinc-aluminium-
magnesium coated steel, undergo the same coil coat process steps and
are thus being exposed to similar chemical treatments and paint fin-
ishes. Despite variations in surface composition, effective conversion
and paint adhesion on both surfaces is required. Currently, zirconium-
and titanium based conversion coatings are being used to replace, tra-
ditional conversion techniques such as hexavalent chromating and
phosphating, which are subject to strict international health and safety
regulations. These new generation of surface treatments are recognized
as viable alternatives as they improve both corrosion resistance [6-12]
and polymer adhesion [13-16]. Nevertheless, reported performances of
zirconium-treated substrates are not always consistent, most likely be-
cause of the high variety in reported process parameters such as con-
version time, precursor concentrations [11], organic [10] and inorganic
[7,9] additives. Some authors attribute improved corrosion resistance
to the formation of a more compact oxide layer, providing barrier
properties [10,12]. Others highlight the elimination of surface potential
differences at alloyed surfaces as major reason for enhanced corrosion
resistance [11,17-19]. Investigations on paint adhesion are mainly
based on macroscopic tests, such as pull off tests and roughness wett-
ability measurements [13,15,19,20]. In this way, enhanced polymer
adhesion has been ascribed to increased surface roughness [7,13] and
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increased wettability [15,21]. More fundamental chemisorption studies
have been performed by Taheri et al. [16], who investigated the role of
acid-base properties of converted zinc layers on the interfacial bond
formation with succinc acid molecules. Since polyester resins are
widely applied in coil coating and automotive paint, there is an in-
dustrial need to understand the effect of zirconium-based treatments on
the adhesion of polyester primers. However, difficulties in studying
chemisorption at paint-metal interfaces on a molecular level relate to
the high absorptive character of both paint and metal substrate re-
sulting in a buried interface. Moreover, complex multicomponent paint
formulations hinder a straightforward interpretation of interfacial
chemisorption mechanisms of the industrial paint/engineering metal
system. Therefore, to gain fundamental insights in metal-polymer in-
teractions, it is crucial to simplify the polymer chemistry [22]. One way
to elucidate the molecular interactions at the polymer-metal interface is
by mimicking the functional groups in polymer coatings using
monomer molecules [23-25]. This approach offers the most freedom in
selecting the organic chemistry of interest, which in case of industrially
relevant polyester resins, are ester-functionalized compounds. Another
way to model industrially-relevant polyester coatings is the thin film
approach, where nanolayers of polymer films are applied by solvent
evaporation. Both approaches allow the use of surface sensitive tech-
niques, such as X-ray photoelectron spectroscopy (XPS), time-of-flight
secondary ion mass spectroscopy (ToF-SIMS) and infrared reflection
adsorption spectroscopy (IRRAS) to study interfacial interactions. The
ease of modelling organic functionalities using simplified compounds
has shown to result in important fundamental insights in interfacial
interactions [26-33]. Contradictory IRRAS results on the capability of
metal oxides to hydrolyse esters into carboxylic acids indicate the key-
role of oxide acid-properties in the establishment of interfacial bonds
[26-28]. Leadley and Watts [29] studied PMMA-metal interfaces per-
forming XPS analysis. They reported that acidic metals such as silicon
interact with PMMA through hydrogen bonds. Contrary, amphoteric
substrates such as oxidized iron and aluminium were shown to be able
to hydrolyse the methyl ester to form interfacial carboxylate bonds
[29]. Konstadinidis et al. [30] and Papirer et al. [31] evaluated che-
misorption of PMMA on aluminium using solid state NMR. A significant
loss of methoxy carbon illustrated in the NMR spectra after adsorption
supported the hypothesis of bond cleavage as a result of ester hydrolysis
[30]. Tannenbaum et al. [32], reported the importance of water as a
mediating agent in the chemisorption of PMMA to aluminium oxide.
Hydrolysing the ester group forming carboxylic acids was believed not
to be sufficient to establish chemical bonding at the aluminium oxide
surface. A subsequent intermediate step, being the dissociation of acid
to carboxylate anions in the presence of water, was considered as a
requirement for chemisorption to occur [32]. Pletincx et al. [33] sup-
ported this statement using near-ambient XPS, ToF-SIMS and ATR-FTIR
in Kretschmann geometry. More water at the interface was shown to
lead to more ionic bond formation. At this point, the decisive role of
metal oxide acid-base properties on the final chemisorption mechanism
is evident. However, previous mechanistic studies are mostly limited to
aluminium oxides, whereas the chemisorption of carboxylic acid com-
pounds on industrially relevant zinc [34] and magnesium [35] are ra-
ther limited. Furthermore, in real-life applications, polymer coatings
are rarely applied on native oxides. Moreover, it is well known that
zirconium-based conversion of metal oxides is highly substrate depen-
dent [16,36,37]. It is thus important to understand the effect of che-
mical pretreatments on the chemisorption of organic compounds.

This work presents a comparative study of the chemisorption of
ester-functionalized monomers on aluminium, zinc and magnesium
oxide. These metals were chosen because of their presence in in-
dustrially relevant zinc-aluminium-magnesium coatings used for gal-
vanized steel. Variations in both galvanizing as well as coil coating
process result in different surface compositions. To be able to relate the
effect of metal oxide properties on the chemical interaction with or-
ganic compounds we have opted to study pure metal substrates. A
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comparative study is conducted on both native metal oxides as well as
hexafluorozirconic acid- treated metal oxides. The use of hexa-
fluorozirconic acid as simplified conversion solutions allows correlation
of variations in chemisorption to the presence of zirconium oxide,
whereas commercial solutions are characterized by increased surface
complexity due to the presence of inorganic and organic additives
(typically phosphates and acrylic polymers). Variations in surface
chemistry due to zirconium-based conversion are evaluated by XPS and
FE-AES surface analysis. Chemisorption studies are conducted using
dimethylsuccinate molecules mimicking industrially relevant polyester
resins. ATR-FTIR and XPS are used complementary to reveal bonding
mechanisms on one hand and to semi-quantify the amount of interfacial
bonds on the other hand. Therefore, to keep the oxide chemistry con-
stant, characterization is consistently performed on thermally vapor-
ized metal substrates.

2. Experimental
2.1. Materials and chemicals

50 nm zinc (Goodfellow, 99.95%), aluminium (Johnson Matthey,
99.99%) and magnesium (Alfa Aesar, 99.9%) were deposited on ger-
manium internal reflection elements (IRE) by means of a high-vacuum
evaporation system (VCM 600 Standard Vacuum Thermal Evaporator,
Norm Electronics). Zirconium-based conversion was conducted using a
home-made model conversion solution, prepared by diluting hexa-
fluorozirconic acid (Sigma-Aldrich Chemistry) to 0.01 M using demi-
neralized water and brought to pH 4 with 0.1 M NaOH. The use of a
model conversion solution excludes interfacial effects of organic and
inorganic additives. The metallic coated IREs were dipped in conver-
sion solution at room temperature (22 = 1 °C) for 90 s, where after the
samples were generously rinsed with demineralized water and dried
with pressurized air. Dimethylsuccinate (Sigma-Aldrich Chemistry) has
been chosen to represent ester-functionalities specific to industrially
relevant polyester resins commonly used in coil coats. This relatively
small and thus mobile molecule has two highly accessible ester func-
tionalities which is expected to enhance chemisorption. In line with
previous work on the chemisorption succinic acid [38], di-
methylsuccinate has been used in a concentration of 0.1 wt% dissolved
in tetrahydrofuran (THF) whereafter the metal substrates were placed
in solution for 30 min, dried in air and measured with ATR-FTIR before
(combination of strongly and weakly interacting dimethylsuccinate)
and after rinsing with pure THF (solely strongly interacting di-
methylsuccinate) [38].

2.2. Attenuated total reflection — Fourier transform infrared spectroscopy
(ATR-FTIR) in Kretschmann configuration

The FTIR apparatus was a Thermo-Nicolet Nexus equipped with a
liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector and
a nitrogen-purged measurement chamber with a Veemax III single re-
flection ATR accessory. Germanium internal reflection elements (PIKE
Technologies) were used with a fixed face angle of 60°. IR-light was
conFig.d with an incident set angle of 80°. For the chemisorption stu-
dies infrared backgrounds were obtained from the metallic coated IREs,
after zirconium-based treatment when applicable. Infrared spectra were
averaged from 128 cycles with a resolution of 4 cm ™. The control of
the spectra acquisition and incident angles was managed by the OMNIC
8.1 software package (ThermoElectron Corporation, Madison, WI).

2.3. X-ray photoelectron spectroscopy (XPS)

measurements were done with a PHI-5000 Versaprobe II (Physical
Electronics) utilizing an Al Ka monochromatic X-ray source
(1486.71 eV photon energy) with a spot diameter of 100 pm to measure
surface compositions up to ca. 10 nm in depth. The irradiation power of
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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~ ° Torr. Survey scans were recorded
with a pass energy of 187.85 eV and energy step size of 0.1 eV. The XPS
data was analyzed with PHI Multipak software (V9.5). High resolution
scans of O 1s, C 1s, F 1s, Zr 3d, Zn 2p3, Al 2p and Mg 1s were obtained
with a pass energy of 23.5 eV and 0.05 eV energy step size. Dual beam
charge neutralization was utilized to compensate potential charging
effects. The high resolution O 1s and C 1s XPS peaks were fitted using
Multipak (V9.8) software. Before curve fitting, the energy scale of the
XPS spectra was calibrated relative to the binding energy of ad-
ventitious hydrocarbons (C C/C H) in the C 1s peak at 284.8 eV. The
peak shape is a mixed Gaussian-Lorentzian, with a Shirley type back-
ground.

2.4. Field emission auger electron spectroscopy (FE-AES)

High-resolution mappings of the zirconium oxide coating were ob-
tained using a JEOL JAMP9500F FE-AES spectrometer, employing an
electron beam of 10 keV and 10.6 nA at an angle of incidence of 30°.
The utilized magnification was x3000 for converted aluminium,
x10,000 for converted magnesium and x20,000 for converted zinc. This
resulted in mapping areas of approximately 35 x 35 pum for aluminium,
12 X 12 pum for magnesium and 6 X 6 pum for zinc. The data was
extracted and processed using the JEOL Image Investigator V1.04
software.

3. Results
3.1. XPS metal oxide characterization

Thermally vaporized metallic layers were characterized using XPS
analysis. Survey scans elucidated carbon, oxygen and metal signals on
the native oxides. After zirconium-treatment, also zirconium and
fluoride were traced on all converted oxide layers. An example of the
survey scan for zirconium-treated zinc is presented in Fig. 1.

The elements identified in the survey scan are expressed in atomic
percentages, using the relative sensitivity factors provided by the
manufacturer. The resulting elemental surface composition is illu-
strated in Fig. 2. Fig. 2(a) compares the carbon (C), oxygen (O) and
metal (M) contributions at the surface before (Native) and after (ZrCC)
zirconium-treatment. This illustrates an increase in surface oxygen
concentration after zirconium-treatment of zinc, aluminium and mag-
nesium, while surface carbon and metal concentrations are being re-
duced. The reduction of surface carbon is attributed to the removal of
ambient carbon contamination, resulting in a cleaner surface. The re-
duction of surface metal concentrations relates to the deposition of
zirconium oxide. The atomic concentration of zirconium (Zr), metal (M)
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and fluor (F) after zirconium-treatment (ZrCC) is illustrated in Fig. 2(b).
Significant variations in metal concentrations are being observed after
zirconium-treatment of zinc (22 At. %), aluminium (14 At. %) and
magnesium (8 At. %). Whereas more or less constant concentrations of
zirconium oxide (ca 7 At. %) are being observed. Surface concentrations
of fluorides are minor (1-2 At. %) in case of zinc and magnesium and
reach approximately 5 At.% in case of converted aluminium. This is in
line with reported stability constants for fluoride complexes, which are
reported to increase in following order; Zn®** (K = 0.8-1),
Mg?* (K = 1.3), AI** (K = 6-7) [39]. Reported stability constants for
Zr**T (K = 5) do not take into account the extent of zirconium hydro-
lysis in the presence of fluorides [39].

3.2. FE-AES elemental surface mappings

FE-AES mappings, shown in Fig. 3, were performed to evaluate the
elemental distribution of the converted oxide layers. The white squares
implemented in the FE-AES mappings define a 5 X 5 um area de-
monstrating homogeneous lateral elemental distribution in the micro-
meter scale. Since molecular interfacial interactions take place on the
nanometer scale, homogeneity of the converted oxide layers is thus
shown to exist on a higher order of magnitude. Notable intensities of
both aluminium and zirconium, given in Fig. 3 (a) and (b) respectively,
indicate a mixed conversion oxide with aluminium and zirconium oxide
coexisting at the outer surface. On the other hand, minor intensities of
zinc and magnesium, shown in Fig. 3(c) and (e), together with the
higher intensities observed for zirconium, given in Fig. 3(d) and (f),
demonstrate that the outer surface of zirconium-treated zinc and
magnesium oxide solely exists of zirconium oxide. As a result, mole-
cular interactions on zirconium-treated zinc and magnesium substrates
are taking place with zirconium oxide, whereas in case of zirconium-
treated aluminium molecular interactions can take place on both alu-
minium and zirconium oxide.

Based on the obtained FE-AES mappings, a graphical representation
of the converted oxides is given in Fig. 4. It should be noted that oxide
thickness variations are not taken into account in Fig. 4. However, since
the elemental surface composition obtained by XPS (given in Fig. 2)
indicates the presence of zinc and magnesium, whereas these are shown
to be absent at the outer zirconium oxide surface according to FE-AES
mappings, the respective zirconium oxide layers are expected to be
thicker than 3 nm, but thinner than 10 nm This because the sampling
depth for XPS is known to be 3-10 nm for AlKa radiation [40].

3.3. Quantification surface hydroxide densities

The formation of a zirconium-based conversion layer is known to be
a pH-based reaction in equilibrium with surface OH densities [41].
Because metal hydroxides are known to be important binding sites for

10 000 Zn 2p3/2 a Zn 2p3/2 O1s
1] p o1s @ p o LS (b)
l Zn LMM | Zn LMM =
2 Zn 2p1/2} — Zn2p1i2} F1f Zn LMM
§ 4 Zn 3d
o @
o | nimMM  Zn3d O Ln9pie
€ 4 = Zn 3s
§ ] Zn 3p3/2 g C1s
> | £ | Atomic concentration (At. %) Z;r:is | l
cg . . O1s 58.3
S Atomic concentration (At. %) Zn2p3/2  21.1 TT 1
£ |O01s 46.5 Zr 3p1/2
Cis 13.2 7r 3d T
|2Zn 2p312 30.7 Zr3d 6.1 Zr3p32 Zr
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Fig. 1. Survey scan and the resulting elemental concentration of (a) native zinc oxide and (b) zirconium-treated zinc oxide.
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Fig. 2. Elemental surface composition (a) relative surface contributions oxygen, carbon and metal (Zn, Al, Mg) on native oxides (Native) and zirconium-treated
(ZrCC) PVD substrates, (b) relative surface contributions of metal, zirconium and fluoride on hexafluorozirconic acid treated PVD substrates.

molecule interactions, their densities are being evaluated using O1s XPS
analysis. Normalised high resolution XPS O 1s peaks before and after
chemical conversion are shown in Fig. 5(a—c). The 0>~ component
specific to metal oxide, is positioned at 529.9 eV + 0.3 eV [42]. Si-
milar binding energies are expected in case of ZnO, Al,03, MgO and
ZrO,. Therefore, no distinction can be made between metal and zirco-
nium oxide based on the O 1s XPS peak. A second component, OH™
specific to metal hydroxide contributions is positioned at
531.5 + 0.2 eV [42]. It is evidenced that the 0%~ component reduces
relative to OH™ component after zirconium-treatment indicating in-
creased hydroxide densities at the metal surface after conversion. A
third component assigned to chemisorbed water is positioned at
532.6 * 0.3 eV [42]. By deconvoluting the O 1s XPS peak into its
subcomponents, surface hydroxide fractions before and after zirconium-
treatment can be estimated.

Surface hydroxide quantification is done using the approach pro-
posed by McCafferty and Wightman [43]. This approach represents
metal oxide as a multilayer system composed of discrete layers in depth,
whereas lateral effects are averaged in the measured spot size of
100 pm. This model, illustrated in Fig. 6, assumes homogeneity of the
discrete layers. The composition of this multilayer system consists of an
overlayer of adsorbed organic contamination (t) covering the converted
metal oxide layer. Underneath the contamination layer, an outermost
oxide layer with a hydroxylated region of chemisorbed water exists.
This outermost oxide layer consist of zirconium oxide in case of zirco-
nium-treated substrates under which a pure innermost metal oxide
layer is expected. Based on XPS and FE-AES data illustrated in Figs. 2
and 3, these two discrete layers are both being probed using XPS.
Therefore, their properties (o and A) are being averaged as illustrated in
Table 2.

The thickness (t), of the carbon contamination layer can be esti-
mated by Eq. (1), described by Smith et al. [44]
t = —Acisc08@In (1 — C1s/100) (€8]

With Acys being 2.3 nm, which is the effective electron attenuation
length for carbon 1 s photoelectrons in the carbon contamination layer,
© the take-off angle relative to the surface normal. Values for C 1s,
being the concentration of carbon expressed in atomic %, are given in
Fig. 2(a). The estimated thickness (t) of carbon contamination on the
respective oxides are presented in Table 1.

The measured O 1s signal contains contributions from the oxide
matrix and was deconvoluted into three contributions (0?>~, OH and
H,0) as illustrated in Fig. 7 (a). Next to contributions of the oxide
matrix also contributions from the carbon contamination layer (C-O,
COO~, O-C = O) are included in the O 1s peak. Because of the negli-
gible differences in binding energy, OH contributions cannot be dif-
ferentiated from those contributions specific to carbon contaminations.
Therefore, a correction of the OH subpeak has to be made to avoid

overestimation of surface hydroxyls due to the presence of organic
contaminants. The XPS peak intensities (subpeak areas) of the re-
spective contributions are obtained by C 1s and O 1s high resolution
XPS curve fitting, as illustrated in Fig. 7(a) and (b) respectively. The
fitting parameters used are given in supplementary information. From
the assessed peak areas for oxygen bonded carbon (C-O, COO™ and O-
C = 0), a correction can be made for the overestimation of OH™
subpeak area, according to Eq. (3).

Ic—0 + Icoo- + Io-c=o0

fu—
IOH -

3)

Ior

The corrected hydroxide sub peak intensity (I;;) are correlated to
the unknown concentrations of OH- (COH) and O2- (CO2-) according to
Egs. (4) and (5), which have been described extensively in earlier work
[25,42,45].

ocdc (1 — e—t/lcsin@) — Looho (1 - e—t/lgsin@)

Con = - -
OH ISHUOAO (1 _ e—t//losm@) (4)
Uc/lc (1 _ e—t//lcsin(a)
COZ_ = —t/20sin®
IOZ —0'0)&0 (1 —e o ) (5)

o, the photoionization cross-section of the component of interest and A,
the inelastic mean free path of electrons specific to the component of
interest. The latter describes the mean distance that an electron travels
through a solid before losing energy. Consequently, the intensity at-
tenuation of elements in the oxide layer by the covering ambient carbon
contamination layer are taken into account when calculating the oxide
elemental concentrations. The values for A and o are oxide specific and
summarized in Tables 2. Solving these equations allow calculation of
the surface hydroxide fraction using Eq. (6).

Hydroxyl fraction =

Co2—
Con

(6)

Fig. 8 illustrates the estimated hydroxide fractions of native and
zirconium-treated zinc, aluminium and magnesium oxide. It becomes
clear that zirconium-treatment results in a substantial increase of sur-
face hydroxide fraction varying between 80 and 90%. The high hy-
droxide coverages, nearly saturating the surface, likely relates to the
active oxides of thermally vaporized films. Because of this, the fluoride
concentration of the conversion solution is rather high resulting in
aggressive dissolution of the native oxide [48]. High rates of accom-
panying oxygen reduction reactions cause local alkalinisation which is
held responsible for the precipitation of zirconium oxide [41,49]. Yet,
because of the high kinetics, accumulating hydroxides are expected to
be incorporated in the precipitated zirconium oxide layer, as illustrated
by the estimated hydroxide fractions in Fig. 8 [41,50].
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Fig. 3. FE-AES mappings obtained after zirconium-treatment, (a) aluminium and (b) zirconium distribution after conversion of aluminium, (c) zinc and (d) zirconium
distribution after conversion of zinc, (e) magnesium and (f) zirconium distribution after conversion of magnesium.

3.4. ATR-FTIR study of ester-functionalized monomer chemisorption:
dimethylsuccinate

ATR-FTIR studies of dimethylsuccinate molecules dissolved in THF
(0.1 wt%) were performed on chemically inert germanium internal
reflection elements (IRE). Fig. 9 illustrates the FTIR spectrum of bulk
dimethylsuccinate obtained in the absence of a metallic oxide layer.
The sharp peak at 1743 cm ™! is characteristic for the carbonyl (C = O)
stretching vibration. The peaks at 1456 cm ™! and 1363 cm ™" are as-
signed to CH, and CH; bonds respectively [51]. The multiple bands in
the 1200 cm ™! region correspond to C-O-C vibrations [51].

The three metals under investigation (Zn, Al and Mg) were

deposited on germanium internal reflection elements by means of
physical vapour deposition and immersed for 30 min in THF containing
0.1 wt% dimethylsuccinate molecules. After immersion the oxides were
dried by solvent evaporation and analysed using ATR-FTIR. The re-
sulting spectra, shown in Fig. 10(a), are associated to a combination of
chemisorbed, physisorbed and possibly some non-interacting mole-
cules. The subsequent rinsing step with pure THF solvent is supposed to
remove those non- and weakly interacting dimethylsuccinate mole-
cules. Therefore, the resulting spectra presented in Fig. 10(b) represent
strongly interacted dimethylsuccinate.

Fig. 10(b) shows a reduced IR-frequency for carbonyl (C = O) peak
in the presence of aluminium oxide (1731 cm™Y) compared to non-
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Fig. 4. Graphical presentation oxide composition after zirconium-treatment.

zinc oxide

interacted dimethylsuccinate (1743 cm 1) as evidenced in Fig. 9. This
shifts towards lower wavenumbers is associated to the involvement of
carbonyl (C = O) oxygen atom in hydrogen bonds [26,28]. A similar
shift can be seen for magnesium oxide. However, because of the low
intensity of the carbonyl (C = O) peak which is in the order of the noise
level, the establishment of interfacial hydrogen bonds are assumed to
be negligible on magnesium oxide surface.

Furthermore, compared to the ATR-FTIR spectrum of bulk di-
methylsuccinate (Fig. 9) an additional peak arises in the
1650-1500 cm ™! region in the presence of a metal film. The appear-
ance of this additional peak is assigned to asymmetric carboxylate
stretch vibrations and thus suggests the formation of carboxylate bonds
upon interaction with the metal oxides under investigation [52]. The
formed metal-carboxylate complexes are shown to be resistant to sol-
vent rinsing, as illustrated by the remaining asymmetric carboxylate
peak in Fig. 10(b).

Since carboxylate bonds originate from carboxylic acid species, the
ester-groups of dimethylsuccinate are shown to hydrolyse in the pre-
sence of metal (hydr)oxide [33]. Hence, a two-step chemisorption
mechanism is proposed, involving ester hydrolysis forming carboxylic
acids followed by a deprotonation reaction giving carboxylate anion
species, as illustrated in Fig. 11.

Varying asymmetric carboxylate (COO,s) peak positions depending
on the interacting metal cation are being observed in Fig. 10(b). For
aluminium, zinc and magnesium oxide, maximum asymmetric carbox-
ylate peak intensities are noted at 1538, 1580 and 1585 cm™*, re-
spectively. Based on reported isoelectric points for aluminium, zinc and
magnesium oxide (8, 9 and 12 respectively) [53], a correlation can be
derived between the increasing IR-frequency of the asymmetric car-
boxylate stretch vibrations and the decreasing acidic nature of the
metal cation. It has been reported that higher IR-frequencies for the
asymmetric carboxylate stretching mode are associated to higher car-
boxylate bond strengths [54,55]. Hence, the carboxylate bond strength
is shown to increase with increasing IEP (Al < Zn < Mg).

To summarize, two chemisorption mechanisms have been evi-
denced using ATR-FTIR in Kretschmann geometry. Both hydrogen-
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Fig. 6. Model used to describe the oxide composition of zirconium-treated zinc.

Table 1
Calculated thickness ambient carbon contamination.

t/nm Native oxide H,ZrF¢ treated oxide
Zinc 0.5 0.3
Aluminium 0.5 0.2
Magnesium 0.6 0.3
Table 2

Photo-ionisation cross-sections (o) and inelastic mean free paths (IMFP, A) and
used for quantifying surface hydroxide and oxide concentrations (Egs. (5) and
(6)).

Element Photo-ionization cross-section Inelastic mean free path (A)/
(0) [46] nm [47]
C 0.192 2.583
0 (Al,03) 0.523 2.251
O (ZnO) 0.523 1.870
0O (MgO) 0.523 2.324
O (Zr0y) 0.523 1.858
O (average) 0.523 2.076

bonding and carboxylate bond formation were shown to depend on the
metal-oxide acid-base properties. As such aluminium oxide demon-
strated the highest tendency for hydrogen bonding. This is not sur-
prising as its high positive charge (+1II) is distributed on a relatively
small ionic radius (Al 68 pm, Zn 88 pm, Mg 86 pm) [56,57] making
aluminium cations most acidic. The high positive charge of aluminium
cations strengthen the Al-OH bonds with hydroxide end-groups. This
Al-OH bond strength is further enhanced by electron donation from the
electron-rich carbonyl oxygen atom. Moreover, the electron donation
by carbonyl oxygen atoms satisfies the electron affinity of acidic AI(III)
cations resulting in strong interfacial hydrogen bonds between
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Fig. 5. High resolution Ol1s XPS peak before and after hexafluorozirconic acid treatment of (a) aluminium, (b) zinc and (c) magnesium.
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Fig. 9. ATR-FTIR spectrum of bulk dimethylsuccinate applied on germanium
IRE by THF solvent evaporation.

aluminium hydroxide and dimethylsuccinate carbonyl groups, as illu-
strated in Fig. 12. On the other hand, more basic metal cations have less
strong metal-hydroxide bonds. As a result they are characterized by a
higher ability to donate these hydroxide end-groups, making them
available for ester hydrolysis or carboxylic acid deprotonation as de-
monstrated in Figs. 11 and 12.

Subsequently, the effect of zirconium-treatment on the chemisorp-
tion mechanism of dimethylsuccinate molecules is investigated. The
same procedure was repeated for the three metal substrates after a 90 s
dip in HyZrFg 0.01 M (pH 4). The resulting spectra before and after
rinsing physisorbed molecules with THF are presented in Fig. 13 (a) and
(b) respectively. Fig. 13 (a) points out that also after zirconium-treat-
ment, interfacial carboxylate bonds are being formed on all three metal
substrates. After washing off physisorbed molecules, carboxylate bonds
remain present, demonstrating the stability of the chemical interfacial
bonds. Remarkable is the absence of carbonyl bonds at the magnesium
surface, suggesting that dimethylsuccinate is fully hydrolysed and co-
ordinated to zirconium converted magnesium in a two-end adsorption
mode. The IR-frequencies observed after rinsing, given in Figs. 10(b)
and 13(b) are summarized in Table 3. It can be seen that the carbonyl
(C = O) peak on both zinc and aluminium shifts towards lower wa-
venumbers, indicating its involvement in hydrogen bonds. A larger shift
of the carbonyl peak is observed for both native aluminium oxide
(12 em™Y) and zirconium-treated aluminium oxide (11 em~™1) com-
pared to that for native zinc (2 cm 1) and zirconium-treated zinc oxide
(6 cm™1). The increased shift after zirconium-treatment of zinc com-
pared to native zinc oxide suggest that zirconium oxide increases the
surface acidity, thereby increasing hydrogen donating properties.

Table 3 summarizes the observed carboxylate peak positions de-
pending on the interacting cation. From these values, band separation
between asymmetric and symmetric carboxylate stretch absorption
bands can be determined which are typically indicative for the co-
ordination mode. A minor shift of the separation values (Av,s) for
adsorbed dimethylsuccinate species compared to the succinate ion in-
dicates the formation of a bridging bidentate surface complex [58,59].
Separation values significantly smaller than these observed for succi-
nate ion suggest chelating bidentate (CB) coordination [58,59]. Se-
paration values of 157 cm™ ! are reported for succinate ions [58].
Hence, a bridging bidentate (BB) coordination is proposed to be formed
on all metal oxides studied. Only native aluminium oxide gives a sig-
nificantly lower separation value, which suggests the formation of
chelating complexes. It is evidenced from the ATR-FTIR spectra in
Figs. 10 and 13 that carboxylate peaks are subjected to band broad-
ening, which is a general feature of adsorbed carboxylate species [58].
Therefore, it cannot be excluded that a combination of bridging and
chelating bidentate coordination exist at the respective oxide surfaces.
Furthermore, the IR-frequencies of carbonyl (C = O) bonds indicative
for hydrogen bonding (HB) are summarized in Table 3. The lack of
carbonyl (C = O) peak on magnesium substrates is associated to a two-
end adsorption. The suggested coordination modes on aluminium, zinc
and magnesium oxide are depicted in Fig. 14(a-c).
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Fig. 10. Adsorption dimethylsuccinate molecules onto native metal oxides (a) combination of weakly and strongly interacting molecules before THF solvent rinsing
(b) strongly interacting dimethylsuccinate molecules resistant to THF solvent rinsing.

3.5. XPS study of ester-functionalized monomer chemisorption:
dimethylsuccinate

Based on the presented ATR-FTIR data, it becomes clear that the
oxide acid-base properties determine the chemical interactions taking
place with ester-functionalized molecules. XPS surface analysis de-
monstrated increased hydroxide fractions after zirconium- treatment
which act as binding sites for both hydrogen interactions as well as
ester-hydrolysis reactions. Nevertheless, no unambiguous statement can
be made on the increased quantity of interfacial bonds due to zirco-
nium-treatment based on the ATR-FTIR results. This because the IR-
absorptive properties of the metal oxides as well as small variations in
layer thickness hinder direct comparison of ATR-FTIR peak intensities
between different oxides. Therefore, XPS studies have been performed
to quantify the amount of established interfacial carboxylate bonds.

Fig. 15 presents the C 1s signal of native zinc oxide before and after
dimethylsuccinate (DMS) adsorption. A chemical shift of oxygen
bonded carbon towards lower binding energies suggests an increase in
surface carboxylate species (COO ™) which has a characteristic binding
energy at 288.5 eV [33,60]. All converted metal oxides exhibit such a
chemical shift, suggesting increased portion of carboxylate species after
dimethylsuccinate adsorption, which is in line with the observations
obtained by ATR-FTIR.

The carbon signal resulting from the ambient contamination over-
layer, could be deconvoluted into following subpeaks; C-C/C-H, C-O,
COO ™, O-C = O, as illustrated in Fig. 7. A similar approach, validated
by Pletincx et al. [33,60], has been implemented on native and zirco-
nium-treated metal oxides after dimethyl succinate adsorption to
quantify the amount of carboxylate species on the respective oxide
surfaces. The quantified carboxylate (COO ™) subpeak areas before and
after dimethylsuccinate chemisorption are normalized using the total C
1s peak area and summarized in Fig. 16. It is evidenced that zirconium-
treatment does not increase the amount of adsorbed carboxylate species

compared to native oxides. Subtracting quantified carboxylate species
obtained before adsorption (bare) from those obtained after di-
methylsuccinate adsorption (DMS) gives the net increase in carboxylate
species indicated by the red arrows in Fig. 16.

This net increase of carboxylate species is shown to remain equal
after zirconium-treatment of zinc and magnesium and reduces after
zirconium-treated aluminium. However, it is expected that during ad-
sorption ambient carbon contaminants are being replaced. Therefore,
this net increase underestimates the amount of established interfacial
carboxylate bonds. When comparing the total amount of carboxylate
species after dimethylsuccinate adsorption a significant reduction is
being observed after zirconium-treatment, indicated by the black ar-
rows in Fig. 16. It was demonstrated that zirconium-treatment of
thermally vaporized metal films results in highly hydroxylated surfaces.
Although surface hydroxides are a requirement for carboxylate bond
formation with dimethylsuccinate molecules due to the hydrolysis in-
termediate step, overhydroxylation might hinder accessibility of Lewis
acid bonding sites for adsorption. Two reasons for such a poisoning
effect have been described by Bjelopavlic et al. [61] Firstly, the Lewis
acidity of the surface, related to the excess positive charge of metal
cations, may become neutralized by the presence of negatively charged
hydroxyl groups. Secondly, the cations (Lewid acid sites) are physically
buried due to neighbouring hydroxide groups (Bronsted acid sites), as
illustrated in Fig. 17. In that case, Lewis acid sites exist in holes, which
might not be sterically accessible for bridging bidentate carboxylate
bond formation. Under these circumstances, it can be expected that the
establishment of interfacial bonds on Bronsted acid sites, being the
formation of hydrogen bonds between dimethylsuccinate oxygen atom
and zirconium hydroxide proton, becomes more favourable, as illu-
strated in Fig. 17. This was also indicated by ATR-FTIR, since the ester
carbonyl peak shift towards lower wavenumbers after zirconium-
treatment of zinc, indicating increased affinity for hydrogen bonding
after zirconium-treatment. Hence, tuning the surface hydroxides
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Fig. 11. Proposed chemisorption mechanism for dimethylsuccinate resulting in interfacial metal carboxylate bond formation.



L.L Fockaert, et al.

(@) (b)

0]

| !
M M

oH HO” No” S

M. _M
HO” Y07 Yo7 0~ “oH

Increasing acidic nature  Increasing basic nature

Fig. 12. The determining role of metal oxide acid-base properties in the pre-
ferred chemisorption mechanism: (a) increased acidic nature enhancing hy-
drogen bonding, (b) increased basic nature enhancing carboxylate bond for-
mation.

density, to meet requirements for carboxylate anion formation by ester
hydrolysis and deprotonation without poisoning Lewis acid sites is
suggested to be crucial for maximum interfacial carboxylate bond for-
mation.

ATR-FTIR in Kretschmann configuration has shown to provide va-
luable information regarding the role of oxide acid-base properties on
the revealed chemisorption mechanisms. Nevertheless, this technique
requires the use of model metal substrates (thermally vaporized nano-
layers) which raises the question of the relevance of the obtained in-
formation for realistic metal-polyester hybrid systems. Whereas this
current work focussed on the complementarity of ATR-FTIR and XPS
using model substrates consistently, it is suggested to continue inter-
facial XPS studies using realistic bulk substrates to further investigate
the correlation between surface hydroxide fractions and carboxylate
bonding. Furthermore, additional attention is required for the sus-
ceptibility of the established interfacial bonds to the introduction of
aqueous media. In line with this, the corrosion resistance of zirconium-
treated substrates is another highly relevant aspect of zirconium-based
conversion coatings. To further investigate the correlation between
adhesion and corrosion resistance, consecutive research has been con-
ducted using in-situ ATR-FTIR on the effect of zirconium-treatment of
multi-metal oxides on the chemisorption of industrially relevant
polyester paints and their stability in aqueous environment [62].

4. Conclusions

Three main observations have been made regarding the effect of

(a) —— Al ZrCC not rinsed
a 1743 Zn ZrCC not rinsed
B | —— Mg ZrCC not rinsed
; 1440

3

s | 1573 '

D

2 4 1741

[

=2

] 1439

a5 4 1577 i

< |

Applied Surface Science 508 (2020) 145199

Table 3

IR-frequencies of observed carbonyl and carboxylate stretching vibrations after
rinsing weakly interacted dimethylsuccinate molecules using THF solvent rin-
sing and the respective coordination modes; Hydrogen bond (HB), Chelating
bidentate (CB), Bridging bidentate (BB).

vC =0 vCOO(as) vCOO5) AV 455 Coordination
(em™) (em™) (em™h) (em™)
Blanc 1743 - - 157+ -
Al 1731 1538 1440 98 HB + CB
Zn 1741 1580 1440 140 BB
Mg (1731) 1585 1441 144 BB
Al Zr 1732 1574 1436 138 HB + BB
ZnZr 1737 1576 1438 138 HB + BB
MgZr - 1585 1462 123 BB

* Succinate ion reference value [58].

zirconium-treatment of thermally vaporized multi-metal oxides on their
interactions with ester-functionalized molecules. Firstly, XPS analysis
demonstrated a significantly increased surface hydroxide density upon
zirconium-treatment. Quantification of the surface hydroxide fractions
resulted in surface concentrations of 80-90% hydroxides. Secondly,
ATR-FTIR analysis revealed the co-existence of two competing chemi-
sorption mechanisms, i.e. hydrogen bonding and carboxylate bond
formation and the determining role of metal oxide acid-base properties
with respect to these competing chemisorption mechanisms. Thirdly,
the amount of established interfacial carboxylate bonds was estimated
by XPS Cls peak deconvolution. This lead to the conclusion that the
amount of interfacial carboxylate bonds did not increase upon zirco-
nium-treatment, which was associated to the increased hydroxide
fraction.
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