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Abstract

The overall performance of any organic coating system on a metal is largely depen-

dent on the primer coating which has the crucial function to ensure adhesion to the

metal substrate. Although performance in terms of adhesion can be empirically mea-

sured, the underlying chemical adhesion mechanism is di�cult to unravel. A detailed

molecular characterization of interfacial chemistry is required for this purpose, but

brings up the challenge to reach the buried interface without inducing excessive dam-

age to its molecular structure. In this work, argon gas cluster ions are being applied

to sputter through an aminosilane coating on steel, in order to access the steel oxide �
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silane interface with time-of-�ight secondary ion mass spectrometry (ToF-SIMS). In-situ

atomic force microscopy (AFM) measurements during the sputter process demonstrate

the importance of optimizing the Ar gas cluster ion beam in order to minimize sputter

induced roughness and molecular damage. ToF-SIMS spectra obtained at the buried

steel oxide � aminosilane interface accessed by sputtering were compared to spectra

from a steel oxide � aminosilane interface that was directly accessible without the need

for sputtering. This comparison allowed to identify contributions from sputter induced

damage in the buried interface spectra. Fragments characteristic for interfacial bond-

ing interactions could be extracted, although there is a signi�cant loss of molecular

information due to sputtering. Nevertheless, insights on the role of steel surface hy-

droxyl groups in the adsorption mechanism of aminosilanes could be obtained through

deuteration of the steel substrate.

1 Introduction

Organic coatings are generally applied to metal substrates in a wide range of industries (con-

struction, aerospace, automotive, packaging, biomedical healthcare, etc.) and usually consist

of a topcoat and a primer coating. Topcoats are designed to provide application-oriented

functionalities, whereas the role of a primer coating is universally threefold. In the �rst

place, primer coatings must ensure adhesion to the metal substrate. Secondly, they act as

barriers against corrosive substances in the environment, and third, they can be loaded with

corrosion inhibitor additives to provide active corrosion protection when the coating is dam-

aged. As such, the performance of a primer coating can be evaluated in terms of corrosion

protection or in terms of adhesion. In order to enhance adhesion between the primer coating

and metal substrate, metal substrates are subjected to certain pre-treatments. Classic pre-

treatments on (galvanized) steel involve chromate conversion coating and zinc phosphating,

but these processes are nowadays being replaced by healthier and greener alternatives. One

alternative, which gained a lot of interest, is found in the application of organosilanes as
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coupling agents that can be tailored to provide good adhesion to metal substrates, as well as

to a variety of organic coatings.1 The e�ectiveness of coatings in terms of adhesion can be

evaluated by standardized peel or pull-o� tests.2 Although such adhesion tests can indicate

whether a varying industrial process parameter leads to improved adhesion or not,3 these

measurements do not provide a thorough understanding of underlying bonding mechanisms.

A molecular characterization of interfacial chemistry is required for this purpose, but not eas-

ily achieved. Evidence for interfacial bonding at the metal oxide � silane interface has been

scarcely provided by XPS and infrared-based spectroscopy techniques.4 ToF-SIMS turns out

much more successful for the characterization of these systems.5�7 In our previous work,

thin �lms (< 5 nm) of aminopropyl triethoxysilane (APS) (Figure 1) were applied to a steel

substrate, such that the APS-steel interface could be directly analyzed by surface sensitive

analysis techniques. A successful characterization by ToF-SIMS showed that APS interacts

with the steel substrate through silanol-steel interactions and amine-steel interactions.8 Fur-

thermore, through deuteration of steel surface hydroxyl groups, direct evidence for hydrogen

bond interactions between silanol groups and steel surface hydroxyl groups was provided for

the �rst time.8 In general, the 'direct interface analysis' approach has been applied multiple

times in literature as a successful strategy to obtain mechanistic insights on the adsorption of

organics (carboxylic acids, amines, amides and isocyanates, ...) and (hybrid) organosilanes

to a range of metal oxides.8�15 Although this approach does provide valuable mechanistic

insights on interfacial bonding, ultrathin organic �lms cannot fully represent commercial

multicomponent (silane or polymer) coatings which contain additives and various binding

agents.

Figure 1: Molecular structure of aminopropyl triethoxysilane (APS).

The main di�culty for a characterization of the organic-inorganic interface is to �nd an ap-

3



proach to expose this buried interface without severely altering or destroying its molecular

structure. Early approaches in literature employ mechanical methods such as ball cratering

to expose the metal substrate,16 but su�er from limitations that involve smearing of soft

polymeric materials. A more successful approach, introduced by Watts et al. at the Univer-

sity of Surrey, implies taper sectioning of samples by ultra-low angle microtomy (ULAM).17

ULAM makes use of a tungsten carbide microtome (an instrument frequently used in his-

tology labs to cut extremely thin slices of materials) to expose the metal oxide-polymer

interface.14,18 Unfortunately, this method is limited to the use of thin (< 100 µm) metal foils

as substrate material and therefore not applicable to industrial samples.

In view of analyzing industrial systems, a large interest goes out to sputter depth pro�ling

with ion beams. Early studies already made use of monoatomic ion sources (e.g., Ar+) to

sputter through organic coatings, but were restricted to extract information from elemental

depth pro�les16,19 as organic structures rapidly lose their molecular identity through accu-

mulation of sputter induced damage. The advent of polyatomic ion sources has triggered

an enormous progress in the last twenty years, enabling molecular depth pro�ling of or-

ganic materials.20,21 Its success has been explained by molecular dynamics simulations which

demonstrate that damage induced by polyatomic primary ions is con�ned to smaller volumes

near the surface and sputter yields are signi�cantly enhanced.22,23 Among polyatomic ion

sources, argon gas cluster ions are considered to be the most e�cient and versatile projec-

tiles for depth pro�ling of organics.24�26 Large di�erences in sputter yield displayed by Ar

clusters on organic and inorganic materials (organics are sputtered much faster27) provide

the maximum opportunity to study organic-inorganic interfaces buried under organic coat-

ings.28 Nowadays, besides the high interest for polyatomic ion sources, a large interest goes

out as well to low energy Cs+ depth pro�ling, especially on multilayer hybrid materials, as

low energy Cs+ beams are shown capable to pro�le organic and inorganic materials with

comparable erosion rates.29,30

Although a vast amount of research is available on the performance of Ar GCIBs and Cs+
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beams in terms of depth pro�ling on a variety of organics20,27,30,31 and some studies have

focused on resolving buried hybrid organic-inorganic interfaces,28,29,32 no study in literature

so far has discussed the feasibility to characterize molecular bonding interactions at buried

hybrid interfaces accessed by sputtering. In this work, APS coatings on steel are sputtered

by Ar cluster ions in order to expose the steel oxide � silane interface for a molecular charac-

terization by ToF-SIMS. The steel oxide-APS interface is industrially relevant, since APS is

commonly applied in commercial coating formulations in order to provide good adhesion to

polyurethane and polyester coatings.33 First focus will be on the �ne-tuning of depth pro-

�ling conditions to APS coatings. This optimization process deserves special attention, as

organosilanes tend to form three-dimensional siloxane (Si-O-Si) cross-linked structures which

are inorganic in nature.33 Sputter conditions are optimized in view of minimizing molecular

damage induced by sputtering and atomic force microscopy (AFM) measurements are per-

formed during the sputter process to evaluate sputter induced roughness. The buried steel

oxide � APS interface accessed by sputtering was characterized by ToF-SIMS and compared

to spectra obtained from a steel oxide � APS interface that was directly accessible without

sputtering. Fragments characteristic for molecular interactions at the interface are evaluated

in terms of possible in�uence from sputter induced damage and lead to mechanistic insights

on interfacial bonding.

2 Experimental

2.1 Silane solution preparation

2v% and 20v% silane solutions were prepared at room temperature by adding APS (99 atom.

%, Sigma-Aldrich) to a solvent mixture of milli-Q water and methanol (≥ 99.5 atom. %,

VWR Chemicals). A 90/10 (v%/v%) water/methanol ratio was chosen, based on a study by

Ghosh et al. that evaluated the solvent composition with respect to solution stability and

adhesion performance on stainless steel.3 Wet deposition took place after 1 hour of hydrolysis
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under continuous stirring. The silane solutions were used at their natural alkaline pH (10.4)

during the deposition.

2.2 Substrate preparation

Low alloy cold rolled steel sheets with a thickness of 500 µm were cut into substrates of 1.5

x 1.5 cm2 and subsequently polished with diamond paste to 0.1 µm roughness. Substrates

were cleaned in an ultrasonic bath of ethanol and rinsed with ethanol and milliQ water.

Next step was an alkaline treatment for 10 minutes, either in an 80 wt.% NaOH solution

or in a 40 wt.% sodium deuteroxide solution (40 wt.% NaOD in D2O (99.5 atom. % D),

Sigma-Aldrich), at 70°C in order to form a surface hydroxide layer. In the end, substrates

were rinsed with milliQ water and dried with N2. The elemental composition of the steel

sheets is provided in Table 1.

Table 1: Elemental composition of the steel substrate, determined by spark source optical
emission spectroscopy.

Value [m%] St. dev.
Al 0.043 0.001
As 0.0010 <0.0001
B <0.0010 NA
C 0.0062 0.0007
Co 0.0060 0.0001
Cr 0.0129 0.0002
Cu 0.0213 0.0006
Mn 0.128 0.001
Mo 0.0027 0.0001
Nb 0.0016 0.0002
Ni 0.0234 0.0001
P 0.0061 <0.0001
S 0.0092 <0.0001
Si 0.0060 0.0001
Sn <0.0015 NA
Ti 0.055 <0.001
V 0.0022 0.0002
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2.3 Silane deposition

Ultrathin (< 5 nm) APS �lms were deposited from a 2v% silane solution by immersion of

the steel substrate in the solution for 15 minutes. After immersion, samples were rinsed with

water and dried with N2. APS coatings with thicknesses in the range of 100 nm � 1 µm were

deposited from a 20v% APS solution by spin coating, using a WS-650 series spin coater from

Laurell Technologies (North-Wales, USA). Spin-coating conditions for preparation of APS

coatings of 900 nm and 300 nm thickness are provided in Table 2. The procedure comprises

four steps: pre-deposition, deposition, spread and drying. The most important parameter

that a�ects the �nal coating thickness for any precursor solution is the rotation speed during

deposition and spread. Faster rotation speeds lead to lower thicknesses, as demonstrated in

Table 2. Acceleration rates were chosen such that the peak spin-speed during the spread is

reached within 2s.

Table 2: Spin-coating conditions to obtain APS coatings on steel coupons from a 20v% APS
solution.

time [s] Rotation [rpm] Acceleration [rpm/s]
900 nm APS coating
pre-deposition 5 250 250
deposition 2.5 250 250
spread 10 500 250
dry 30 1000 500
300 nm APS coating
pre-deposition 5 500 500
deposition 2.5 750 500
spread 10 1000 500
dry 30 2000 500

2.4 ToF-SIMS measurements

ToF-SIMS measurements were performed with a TOF.SIMS 5 system from ION-TOF GmbH

(Münster, Germany), using a 30 keV Bi3
+ primary ion beam operated in the high current

bunched mode for high mass resolution (approximately 8000 at 29 u (29Si+)). The lateral
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resolution achieved in high current bunched mode is 3µm. The pulsed ion beam target

current was approximately 0.70 pA. Positive ion mass spectra were acquired over a mass

range of 1�800 u and calibrated using a list of fragments of known composition, such as

Si+, NH3
+, CH3O

+, C4H5
+, SiOFe+, Fe2

+, Fe2O2H2
+ and Fe3O3

+. The accuracy of a mass

assignment (in ppm) is calculated by taking the absolute di�erence between the experimental

and theoretical mass of a fragment and dividing this number by the experimental mass.

Depth pro�les were obtained in dual beam con�guration, where a 5 keV or a 10 keV Ar1200
+

cluster ion beam was used as a sputter beam and Bi3
+ was used to analyze the crater bottom.

The sputter raster was 300µm × 300µm. A smaller analysis raster of 100µm × 100µm was

chosen in the center of the crater. Samples were mounted on a glass slide, to prevent a

spectrum shift, which may occur when sputtering through an organic coating towards a

metallic substrate, due to di�erential charging.

2.5 AFM measurements

AFM measurements were performed using the VLS-80 system from Nanoscan AG (Zürich,

Switzerland). The VLS-80 combines high vacuum SPM with high precision sample navi-

gation. The VLS-80 system is implemented in the TOF.SIMS 5 system and allows for a

fast and accurate determination of sputter rates. AFM line scans can be obtained across

the sputter crater, before and after sputtering. The crater depth di�erence before and after

sputtering will be used to determine sputter rates and coating thicknesses. On the other

hand, sputter induced roughness can be evaluated. NANOSENSORS� PPP-NCLR AFM

probes are employed in tapping mode to characterize sputter craters formed in organic coat-

ings. The silicon tip is characterized by a guaranteed tip radius of curvature less than 10

nm, and a tip height of 10-15 µm. A 30 nm thick Al coating on the detector side of the

cantilever enhances the re�ectivity of the laser beam by a factor of about 2.5. The length of

the cantilever is 225 µm and its resonance frequency is 190 kHz.
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2.6 Multivariate analysis methods

ToF-SIMS mass spectra contain thousands of peaks representing secondary ion fragments.

Peak intensities are the main variables in a ToF-SIMS dataset and show a large degree of

correlation, since several secondary ion fragments can be generated from the same parent

molecule. Multivariate analysis (MVA) methods are therefore particularly suited for appli-

cation to a ToF-SIMS dataset.

Variables in a ToF-SIMS depth pro�le dataset are the peak intensities obtained at di�erent

depth levels. A set of n peaks for which intensities are acquired at m depth levels can be

represented by a m x n data matrix M. Matrix M is the input for a non-negative matrix

factorization (NMF) analysis in which M is approximately factorized (M ≈ HW) into

non-negative matrices H and W. H de�nes the �ngerprint spectra of a de�ned number

of components present in the depth pro�le and W represents the `concentrations' of these

compounds in function of depth (or sputter dose). The non-negativity of the NMF output,

a main constraint of the technique, can be considered a natural choice since negative values

make no physical or chemical sense for analytical chemistry data. One should bear in mind

that NMF provides an approximate solution; appropriate algorithms and constraints must

be applied in this iterative process to come to the best possible solution.34 NMF performed in

this work made use of a multiplicative update algorithm with a mean squared error objective

function, originally created by Lee and Seung,35 with the modi�cations suggested by Berry

et al.36 ToF-SIMS input data is pre-processed in two steps: (i) normalization of all ion peak

intensities to total ion intensity, and (ii) Poisson scaling of the peak intensities according to

a method proposed in literature.37

An important constraint that needs to be pre-de�ned for NMF is the number of components

that are present in the depth pro�le.38 Principal component analysis (PCA) is employed

prior to NMF, as an exploratory tool to identify the di�erent chemistries along the depth

pro�le. Discussion and results for the PCA analysis can be found in the supplementary

information. NMF and PCA analysis were performed using the simsMVA MATLAB app
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(http://mvatools.com) developed by Trindade et al.34

3 Results and discussion

3.1 Optimization of depth pro�ling conditions on APS coatings

An argon gas cluster ion beam (GCIB) is applied to sputter through a spin-coated APS

coating on steel in order to analyze the buried steel oxide � APS interface with ToF-SIMS.

As there is no interest to pro�le through the steel substrate, depth pro�ling conditions

should be optimized solely to sputter through the APS coating. Both cluster size and

acceleration energy can be adjusted for Ar cluster projectiles. Figure 2a and b show ToF-

SIMS depth pro�les obtained with acceleration energies of 5 keV and 10 keV, respectively.

Given that the argon cluster size is �xed to n = 1200, the energy-per-atom values (E/n) are

4.2 eV/atom and 8.3 eV/atom, respectively. Ion intensities are plotted for 30Si+, Si2NO
+,

NH3
+ and C3H8N

+. At the start of each pro�le, secondary ion intensities vary rapidly. This

region is typically referred to as the transient region and is attributed to the fact that the

concentration of molecules in the altered surface layer is determined by a balance between

the resupply of molecules from the bulk, sputter induced damage and the removal of both

intact and damaged species.20 Besides the in�uence of sputtering, rapidly varying intensities

can also be attributed to a di�erence in chemistry between surface and bulk material, and

the presence of surface contamination.

A steady state region is reached in both pro�les when the 30Si+ intensity reaches a plateau.

For pure materials, secondary ion intensities in the steady state region are not expected

to change unless there is a change in sputtering yield.20 It is remarkable that the C3H8N
+

intensity, which represents the organofunctional group of APS (Figure 1), reaches a plateau

with the 10 keV settings, but keeps decreasing with the 5 keV settings and disappears after

800 s of sputtering (sputter dose 2.2 x 1016 ions/cm2). This indicates that there is loss of

molecular information due to accumulation of sputter induced damage. Si2NO
+, on the other
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hand, is a fragment that is typically not present in the mass spectrum of APS coatings and is

likely representative for the damage caused by sputtering. This assumption is con�rmed by

comparing both Si2NO
+ pro�les. While the Si2NO

+ reaches a plateau in the 10 keV pro�le

quite fast, the Si2NO
+ intensity keeps increasing in the 5 keV pro�le up to 2000 s (sputter

dose 5.4 x 1016 ions/cm2).

An AFM module implemented in the ToF-SIMS chamber allows for a fast and accurate

determination of sputter rates and has been employed in the optimization of depth pro�ling

conditions. Figure 2c-d shows AFM line scans obtained across the sputter crater, before and

after sputtering, for the 5 keV pro�le and the 10 keV pro�le, respectively. Remarkably, the

5 keV settings resulted in a signi�cant amount of sputter induced roughness, while under

the 10 keV settings, the sample topography is largely retained. This can be explained by

a threshold energy level that has to be exceeded in order to remove material e�ciently. It

seems that the threshold energy on APS coatings situates in the vicinity of 4 eV/atom. This

value is signi�cantly higher than the values usually reported on organic materials (below 1

eV/atom on HTM-1, NPB and Irganox 1010 according to Niehuis et al.39), which may be

attributed to the partial inorganic nature of organosilane coatings. Depth pro�ling conditions

were optimized in this section to sputter through an APS coating with retention of molecular

information. A 10 keV Ar1200
+ ion beam will be further applied for a buried interface analysis.

It can be expected that the sputter rate drops several orders of magnitude once the steel

substrate is reached. In any case, there is no need to optimize the sputter conditions based

on the sputter rate di�erence between the organic coating and the metallic substrate, since

our interest is only directed towards the hybrid interface.

In industrial coatings, which contain multiple polymeric components and additives, one

should consider that, due to surface and interface segregation e�ects, the coating properties

near the interface may be di�erent from the bulk coating. In such a case, it might be

necessary to provide additional optimization for depth pro�ling of the coating near the

interface. However, in this study, a simple model coating of APS is applied. It can be
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assumed that additional optimization is not necessary.

Figure 2: (a) Depth pro�le of an APS coating obtained with a 5keV Ar1200
+ ion beam. (b)

Depth pro�le of an APS coating obtained with a 10keV Ar1200
+ ion beam. (c) AFM linescan

across the crater region before and after pro�ling with a 5 keV Ar1200
+ ion beam (d) AFM

linescan across the crater region before and after pro�ling with a 10 keV Ar1200
+ beam.
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3.2 Depth pro�ling and NMF analysis to expose the buried inter-

face

Figure 3 shows a depth pro�le that goes through an APS coating towards the steel sub-

strate. The dashed line at a sputter dose of 2.42 x 1015 ions/cm2 marks a point in the steady

state region of the depth pro�le, well beyond the transient region. This can be seen from

the plateau that is reached for the Si2O
+ and 30Si+ intensities. The buried steel oxide-APS

interface is reached at a sputter dose of 2.17 x 1016 ions/cm2. Based on crater depth mea-

surements by AFM it was determined that the APS coating is approximately 930 nm thick.

A detailed description of the procedure for thickness measurements with AFM can be found

in supplementary information. In Figure 3, Fe2O
+ is plotted as a characteristic fragment for

the steel oxide surface layer, while Fe2
+ mainly represents the bulk steel substrate. Remark-

able observation is that some nitrogen containing fragments, such as C3H6N
+ and NH4

+,

show an increase in intensity towards the interface, while other fragments as NH3
+ do not.

Figure 3: ToF-SIMS depth pro�le obtained on a spin-coated APS coating on steel.
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Figure 3 shows only a small number of fragments (9) that are plotted against sputter dose.

A non-negative matrix factorization (NMF) analysis was performed on the depth pro�le

dataset in order to generate components or '�ngerprints' representative for the di�erent

chemistries along the depth pro�le. PCA was performed prior to NMF as an exploratory

tool to determine the number of components that should be generated. Details on the PCA

analysis can be found in the supplementary information. By PCA it was found that 4

unique chemistries or components could be distinguished in the depth pro�le (Figure S2);

bulk APS coating, surface APS coating, steel oxide - APS interface and steel substrate.

Consequently, NMF was performed on the ToF-SIMS depth pro�le with the constraint that

4 components should be generated. Figure 4 shows the loadings or �ngerprint spectra of

the 4 NMF components. NMF scores of each component are plotted against sputter dose

in Figure 5. Component C1 represents the bulk APS coating accessed by sputtering. Most

intense fragments originate from silanol groups and the Si-O-Si network. Component C2

is also representative for the APS coating, but shows increased scores at the outer surface

and at the buried interface. Most intense fragments in C2 are nitrogen containing fragments

as NH4
+, CH4N

+, C3H6N
+ and SiC3H6N

+. This suggests that there may be an increased

concentration of amine groups at the buried interface and at the outer surface. Component

C3 represents the buried interface and contains fragments as CNFe+ and CHNFe+, which

suggest amine-steel interactions, but also SiOFe+, SiO2HFe
+ and SiO4HFe2

+, which suggests

interactions between silanol groups and steel. Finally, component C4 represents the steel

substrate as well as the steel oxide surface layer and contains fragments as 54Fe+ and Fe2O
+.
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Figure 4: NMF �ngerprint spectra for components C1-4.
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Figure 5: NMF scores for each component plotted against sputter dose. Scores are normalized
to the total sum.
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3.3 Silanol-steel interactions

Silanol groups interact with steel surface hydroxyl groups initially through hydrogen bonds

(Figure 6a). Upon drying or by applying additional heat to the sample, condensation reac-

tions gradually convert hydrogen bonds into stronger covalent Si-O-Fe interactions (Figure

6b). In earlier work it was shown that ToF-SIMS can be applied to characterize both hydro-

gen bond interactions and covalent bond interactions at the APS-steel interface.8 This study

was performed on steel coated with a thin (< 5 nm) �lm of APS, where the interface was

directly accessible for a ToF-SIMS analysis. Such analysis will be further referred to as a di-

rect interface analysis. Through pre-treatment of steel substrates with NaOD instead of the

standard NaOH pre-treatment, steel surface deuteroxide groups are formed instead of sur-

face hydroxyl groups (Figure 6c). Steel surface deuteroxide groups interact with APS silanol

groups in the same manner as surface hydroxyl groups (Figure 6d), but yield interesting

isotopic fragments in a ToF-SIMS analysis.

Figure 6: (a) Silanol groups interact with steel surface hydroxyl groups through hydrogen
bonding. (b) Covalent Si-O-Fe bonds are formed after a condensation reaction takes place.
(c) Deuterated steel surface (D-steel). (d) Hydrogen bond interaction on D-steel.
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Deuterated mass fragments that provide unambiguous evidence for hydrogen bond interac-

tions at the steel oxide - APS interface can be extracted from a direct interface analysis

by ToF-SIMS. Table 3 summarizes all fragments that were found to be characteristic for

hydrogen bond interactions in a direct interface analysis.

Table 3: Ion fragments characteristic for hydrogen bond interactions between silanol groups
and steel surface hydroxyl groups, obtained from a direct interface analysis.

Fragment Mass [ppm] Deviation [ppm]

SiOD+ 45.9849 22.0
SiO3H3

+ 78.9867 26.9
SiO3H2D

+ 79.9908 7.7
SiO3H3Fe

+ 134.9203 5.8
SiO3H2DFe

+ 135.9267 2.5

In Figure 7, the direct interface analysis of the APS-steel interface is compared to a buried

interface analysis, in which Ar cluster ions were applied to access the APS-steel interface

buried under a thick APS coating. Black spectra were obtained at the direct interface, red

spectra were obtained at the buried interface. Figures 7a-b show SiO3H3
+ and FeSiO3H3

+,

two characteristic fragments for hydrogen bond interactions in the direct interface analysis

(Table 3). In the buried interface analysis, FeSiO3H3
+ is no longer found (Figure 7b). On

top of that, none of the deuterated fragments reported in Table 3 were found. The only

fragment reported in Table 3 that was found at the buried interface is SiO3H3
+, but its

presence may not originate from hydrogen bond interactions in this case. In the depth pro�le

NMF analysis, SiO3H3
+ was assigned to the bulk APS coating component C1 (Figure 4).

SiO3H3
+ is a fragment that is characteristic for the bulk APS coating as well as for interfacial

hydrogen bond interactions. The SiO3H3
+ intensity observed in the buried interface analysis

is solely attributed to the bulk APS coating. In summary, characteristic mass fragments

for hydrogen bond interactions are no longer observed at the buried interface. One must

consider that sputter induced damage may be the reason that these fragments are no longer

observed, rather than the absence of interfacial hydrogen bond interactions at the buried

steel oxide - APS interface.
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Figures 7c-d-e-f focus on a number of interfacial fragments that are found at the buried

steel oxide-APS interface. SiOFe+, a well-known fragment at the nominal mass 100 u, is

measured in a relatively high intensity (Figure 7c). This observation is in line with what has

been described in literature. In several studies, SiOM+ fragments (M represents Al, Fe or Zn)

have been interpreted as direct evidence for covalent Si-O-M bond formation at the metal

oxide-silane interface, both for direct access interfaces5,40,41 as for buried interfaces.6,7,42

However, the interpretation that SiOM+ fragments can be considered as proof for covalent

bonding has been under discussion.43 In our analysis, it is remarkable in the NMF analysis

(Figure 4) that SiOFe+ is a highly characteristic fragment for the substrate component, as

well as for the interface component. Furthermore, when the SiOFe+ intensity is plotted

in a depth pro�le and compared to the 54Fe+ intensity (Figure 8a), both pro�les show

a large resemblance. It seems that the intensity of SiOFe+ is strongly in�uenced by the

concentration of its constituent elements. This suggests that SiOFe+ is formed in the ToF-

SIMS experiment due to the impact caused by sputtering. The contribution from interfacial

interactions to the SiOFe+ intensity is likely overwhelmed by the contribution from sputter

induced damage. Therefore, one should not solely rely on SiOFe+ for a characterization

of the buried interface. Larger fragments such as SiO2Fe
+, SiO2HFe

+ and SiO4HFe2
+ are

found in both spectra as well (Figures 7d-e-f). All fragments are plotted in a depth pro�le

in Figure 8b, where it becomes clear that these fragments show a much sharper interface as

compared to SiOFe+. Especially SiO2HFe
+ and SiO4HFe2

+ seem to be highly characteristic

for the APS-steel interface and are least in�uenced by sputter induced damage. At this

point, it is possible to state that silanol-steel interactions take place at the buried interface,

but unfortunately SiO2HFe
+ and SiO4HFe2

+ do not provide enough molecular information

to determine whether covalent interactions or hydrogen bond interactions are taking place.
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Figure 7: Overlay of ToF-SIMS spectra obtained at the APS-steel interface. The black
spectrum was obtained directly on steel coated with a thin �lm of APS. No sputtering
was required to reach the interface. The red spectrum is obtained at the buried APS-steel
interface, accessed after sputtering. (a) SiO3H3

+, (b) FeSiO3H3
+, (c) SiOFe+, (d) SiO2Fe

+

and (e) SiO2HFe
+ and (f) SiO4HFe2

+.

Figure 8: (a) ToF-SIMS depth pro�le obtained on APS coated steel. The APS-steel interface
was reached after approximately 900 s of sputtering . Overlay of SiOFe+ (red) and 54Fe+

(black) intensities. (b) Same depth pro�le as in (a) with a lower intensity scale to pro-
nounce overlay of SiOFe+ (red), SiO2Fe

+ (black), SiO2HFe
+ (blue) and SiO4HFe2

+ (green)
intensities.
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3.4 Amine-steel interactions

Figure 9 makes a comparison between a direct interface analysis and a buried interface

analysis at the APS-steel interface. Figures 9a-b-c show interfacial fragments obtained from

a ToF-SIMS analysis of a thin APS �lm on steel. The interface was directly accessible without

the need to sputter with an argon GCIB. Figures 9d-e-f show the corresponding mass regions

with an overlay of two spectra: the buried APS-steel interface accessed by sputtering (red)

and the bulk APS coating accessed by sputtering (black). CNFe+, CHNFe+ and CH4NFe
+

are fragments characteristic for an acid-base interaction between the APS amine group and

steel, found in the direct interface analysis (Figures 9a-b-c). In the buried interface analysis,

CNFe+ and CHNFe+ (Figures 9d-e) are still present, but a peak for CH4NFe
+ is missing

(Figure 9f). Either this fragment is no longer formed due to damage induced by sputtering,

or its intensity is so small that it is no longer resolved from the neighboring peak, which is

attributed to Si2NO
+.

In the direct interface analysis it was shown that deuteration of steel surface hydroxyl groups

allows to distinguish between the di�erent type of amine-steel interactions. Figure 10a shows

a ToF-SIMS spectrum overlay of bulk APS in green and the direct APS-steel interface in

blue. The latter spectrum was obtained directly, without the need of sputtering, on D-steel

coated with a thin (< 5nm) APS �lm. CH4DN
+ is a fragment indicative for protonation

of the APS amine group by steel surface deuteroxide groups and dominates the APS-steel

direct interface spectrum at the nominal mass of 32 u. For bulk APS, CH6N
+ dominates

the spectrum at 32 u, while CH4DN
+ is logically not present. Figure 10b shows a spectrum

overlay of a depth pro�le of APS coated D-steel in red and APS coated H-steel in black.

In both pro�les, CH6N
+ dominates the spectrum. However, given the large volume of bulk

coating that has been analyzed with respect to the thin interface, it is normal that CH6N
+

dominates the spectra. Contributions from the interface are relatively small compared to

contributions from the bulk coating. Furthermore, the di�erence in mass between CH6N
+

and CH4DN
+ is very small, which makes it di�cult to resolve both peaks. Therefore, two
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Figure 9: (a-b-c) Interfacial fragments found by a ToF-SIMS analysis of a thin APS �lm on
steel. No sputtering was required, the interface was directly accessible. (d-e-f) Corresponding
mass regions showing an overlay of two spectra: the buried APS-steel interface accessed by
sputtering (red) and the bulk APS coating accessed by sputtering (black).

mass intervals are selected to be plot in a depth pro�le. Mass interval I comprises the entire

peak area, while mass interval II is limited to the left half of the peak, where CH4DN
+ could

be found. Figures 10c-d show the depth pro�les obtained on APS coated D-steel and APS-

coated H-steel, respectively. Both pro�les were obtained with the same sputter conditions.

Since the APS coating was thicker on H-steel, the interface is reached after approximately

450 s of sputtering on H-steel and only 350 s of sputtering on D-steel, as seen by the Fe2
+

intensity. Mass interval I, comprising the entire CH6N
+ peak, shows a continuously decreas-

ing intensity in both pro�les, although the pro�le on H-steel decreases more rapidly near the

interface. Mass interval II shows an additional contribution at the interface on D-steel, which

is absent on H-steel. This contribution on D-steel is attributed to the presence of a CH4DN
+

at the buried interface. Besides CH4DN
+, also a peak for NH3D

+ is found in the depth

pro�le on D-steel. Both peaks are indicating that amine groups at the buried interface are
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protonated by steel surface hydroxyl groups. This suggests that amine groups interact with

the steel substrate through Brönsted-Lowry acid-base interactions, as illustrated in Figure

11b. CNFe+ and CHNFe+, on the other hand, suggest that Lewis acid-base interactions take

place as well (Figure 11a).

Figure 10: (a) ToF-SIMS overlay showing nominal mass 32 u, where CH6N
+ and CH4DN

+

can be interferingly present. The spectrum of a bulk APS coating is shown in green, the
steel-APS interface spectrum obtained on APS coated D-steel is shown in blue. Spectra
obtained from depth pro�les on D-steel coated APS and H-steel coated APS are shown in
black and red, respectively. (b) Two mass intervals are de�ned to be plotted against sputter
time in a depth pro�le, in order to investigate the hidden presence or absence of CH4DN

+.
(c) Depth pro�le obtained on D-steel coated APS. (d) Depth pro�le obtained on H-steel
coated APS.
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Figure 11: Illustration of the bonding of an amine compound with an iron oxide surface. (a)
Lewis acid base interaction (b) Brönsted-Lowry acid-base interaction.

4 Conclusion

An Ar gas cluster ion beam was applied to sputter through APS coatings on steel in order to

access the buried steel oxide � silane hybrid interface for a molecular characterization by ToF-

SIMS. AFM topography line scans were taken across the sputter crater at di�erent times and

under varying sputter conditions, such that the in�uence of sputtering on sample topography

could be evaluated. Optimal sputter conditions were obtained on APS with 10 keV Ar1200
+

settings, corresponding to an E/n of 8.3 eV/atom. Lower E/n values resulted in signi�cant

sputter-induced roughness and accumulation of damage during the pro�le. Mass spectra

obtained from the steel oxide � APS interface accessed by Ar cluster sputtering have been

compared to spectra obtained from an interface that was directly accessible. This approach

demonstrated that there is a signi�cant loss of molecular information due to sputtering.

Fragments characteristic for interfacial steel oxide-silanol interactions were extracted at the

buried interface, but, unlike fragments obtained in a direct interface analysis, did not provide

enough molecular information to determine whether covalent interactions or hydrogen bond

interactions take place. This points out the importance of the thin �lm approach. Despite

the loss of molecular interfacial information, mechanistic insights can be still derived in

a buried interface analysis. Increased intensities for nitrogen-containing fragments at the
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buried steel oxide � APS interface suggest that amine groups tend to orient towards the steel

substrate. By deuteration of the steel surface hydroxyl groups it was possible to con�rm that

this intensity increase originates from a compositional e�ect, more speci�cally from Brönsted-

Lowry type acid-base interactions between the amine group and steel surface hydroxyl group

whereby the amine group becomes protonated.

The present work on model coatings provides an important step towards the analysis of real

industrial coating systems, where polymer blends contain multiple polymeric components

that can interact with the substrate. Surface and interface segregation e�ects can play an

important role in these systems, as they determine the hybrid interfacial structure. Ultrathin

model �lms cannot represent such phenomena and this explains the necessity to continue

the e�orts towards analysis of the buried hybrid interface.
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