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Abstract

Silane precursor selection is an important criterion for achieving great anticorrosive
performance on steel substrates using sol-gel technology. A density functional
theory (DFT) study was performed on functional and nonfunctional organosilane
precursors. The global reactivity parameters, such as the global hardness
(n), dipole moment (u), and number of electrons transferred (AN) to the metal
substrate, were calculated to identify suitable silane coupling agents. DFT studies
revealed that precursors containing functional groups such as epoxy, amine, and
mercapto offer better protection against corrosion to galvanized steel by providing
stronger interfacial adhesion than precursors without functional moieties. The DFT-
calculated adsorption energy (E.q) is more than 40.0kcal/mol for the adsorption
of functional organosilanes onto the (ZnO),, cluster. Evidence of chemical bond
formation at the interface for functional organosilanes is found in the electron
density overlap in the MOs. Natural charge analyses revealed clear charge transfer
from the organosilane moiety to the (ZnO),, cluster. The theoretical predictions
were validated via experiments. Electrochemical studies demonstrated a protective
efficiency of 92.5% for le with an impedance of 92.9kQ-cm”. The presence of the
respective functional groups and surface morphology were evaluated by FTIR
and SEM. The order of corrosion inhibition of organosilanes was found to be
MPTMS=APTES>GPTMS>TEOS.
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1 INTRODUCTION

Galvanized (GI) steel is a conventional steel coated
with zinc via a process called galvanization. This zinc
coating acts as a corrosion-resistant barrier, increasing
the durability and performance of the underlying
steel substrate. GI steel is utilized in the automobile
sector because of its superior strength-to-weight ratio,
formability, and dent resistance. The presence of a thin
oxide film on the surface might serve as an initiating
point for coating failure due to insufficient interfacial
adhesion. This weak area initiates corrosion, which can
be slowed by applying a coating to the surface. The

surface coating can act (i) as a physical barrier, (ii) as
a cathodic protector of the substrate by acting as the
sacrificial anode or (iii) as a passivating layer (anodic
protection)?!. Chrome-based chemical passivation
coatings have been predominantly applied to steel to
obtain superior corrosion resistance and good adhesion
with the substrate™’. However, due to environmental
regulations imposed as a result of the carcinogenic effect
of hexavalent chromium in such coatings, research has
focused on developing alternative coating technologies'.
The sol-gel process is one such evolving coating
technology capable of providing corrosion resistance,
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Figure 1. Molecular Structures of (A) GPTMS, (B) APTES, (C) MPTMS, and (D) TEOS.

mechanical and wear durability with low volatile
organic compounds (VOCs) and negating the usage of
chromates'®. Water- and/or alcohol-soluble alkoxide
precursor materials and dopant ions may be easily
included in such sols due to their simple synthesis and
wet-chemical method of coating deposition, resulting in
enhanced coating characteristics.

Due to the use of sol-gel technology, organosilanes
have gained popularity in thin-organic coating research
and have been used as chromate substitutes. These
silane-based compounds are typically organofunctional
alkoxysilanes, (RO);-Si-R’, where OR is a hydrolyzable
alkoxy group and R’ is a nonhydrolyzable organofunctional
group, which may include an amine group (-NH,), epoxy
group (-C-0-C), thiol group (-SH), etc'®. The organic
moiety (-R) enhances the flexibility, toughness, and cross-
linking density of the coating network while also allowing
functional compatibility with an organic polymer in a
coating/paint system. On the other hand, the inorganic
moiety (R-O-Si) aids in the attachment of silane molecules
to the metal substrate. The alkoxy groups (RO-) at one
end of the molecule are hydrolyzed to silanol groups (H-O-
Si), which engage with the hydroxide groups on the metal
substrate to generate a Si-O-M covalently bonded metal/
film interface'”’. However, after curing the silane layer, it
crosslinks to a Si-O-Si siloxane network-like structure,
acting as a barrier to prevent corrosive ions from accessing
the steel. While most studies have been conducted to
determine how silane coatings resist corrosion, only a few
studies, such as van Ooij's, have focused on understanding
the influence of functional and nonfunctional groups on the
corrosion performance of such silanes®. Functional silanes
often work as additional coupling agents for paint layers
since the functional group creates chemical bonds with the
polymer resin”'?,

The adhesion of silanes to basic substrates has been
partially clarified by experiments, but a deep under-
standing of interactions between coating molecules and

metals is crucial for developing effective anticorrosion
coatings. Predicting chemical reactivity remains one of
chemistry's most difficult challenges. By determining the
electronic structures, quantum chemistry calculations have
been shown to be a very useful technique for assessing
the reactivity of molecules and their potential to shield the
metal from corrosion'***. With this method, the corrosion
resistance performance of the coating molecule can be
projected by calculating global reactivity parameters. The
calculation of the binding energy between the coating
ingredient and substrate explicitly sheds light on the
interfacial bonding mechanism and provides quantitative
information about the interfacial adhesion of the coating
ingredient to the substrate. The literature in these regards
focuses primarily on the molecular structure and adhesion
of coating ingredients for the corrosion protection of metal
substrates'”. There is a lack of relevant literature on the
fundamental understanding of the corrosion performance
of organosilanes toward GI steel using quantum chemistry
methods, especially studies on the explicit interactions
between organosilanes and substrates. The present work
focuses on clarifying the corrosion protection properties
and interfacial adhesion mechanism of functional and
nonfunctional organosilanes using quantum chemical
studies and experimental studies. Here, density functional
theory (DFT) was used for quantum chemical studies.

The current study engrossed on understanding the surface
protection efficiency of different functional organosilanes,
viz. 3-Glycidoxypropyltrimethoxysilane (GPTMS), 3-merc
aptopropyltrimethoxysilane (MPTMS), and nonfunctional
organosilanes, viz. tetraethoxysilane (TEOS), as shown
in Figure 1, respectively, on GI steel. In the DFT study,
model compounds of GPTMS, 3-aminopropyltriethoxysilane
(APTES), MPTMS, and TEOS were employed, where the
OCH; group in GPTMS (Figure 1A) and MPTMS (Figure 1C)
and the OCH,CH; group in APTES (Figure 1B) and TEOS
(Figure 1D) attached to the center Si atom are replaced with
OH groups to reduce the computational time because the
OMe/OEt groups connected to the Si atoms lastly convert
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Table 1. Sample ID and composition of coating solutions

Sample ID Coating Solution

1T 5 vol % TEQOS in water-ethanol ratio=1:4 (v/v)

1G 5 vol % GPTMS in water-ethanol ratio=1:4 (v/v)
1A 5 vol % APTES in water-ethanol ratio=1:4 (v/v)
iM 5 vol % MPTMS in water-ethanol ratio=1:4 (v/v)

to OH groups during the process of hydrolysis. These
model complexes of GPTMS, APTES, MPTMS, and TEOS
are denoted as 1G, 1A, 1M, and 1T, respectively. The DFT-
calculated results were experimentally validated through
electrochemical studies. In the hot dip galvanizing process,
a thin, insoluble ZnO layer forms on the surface as needle-
like nanowires within 48 hours of atmospheric exposure. This
ZnO layer, with a thickness of nanometer order, corrodes
very slowly, thereby protecting the underlying galvanized
coating'**”’. As a result, the uppermost ZnO layer serves as
a shield, shielding the base iron behind the galvanized layer
from the elements. This ZnO layer also reacts with coatings
and paints that have been applied. This work used DFT to
investigate the atomic-level reactivity of 1G, 1A, 1M, and
1T molecules with GI steel. The uppermost ZnO nanolayer
of GI steel was modelled using the (ZnO),, nanocluster*"
DFT was employed to investigate the interfacial adhesion
mechanism of organosilane precursors with (ZnO),,
nanoclusters.

2 MATERIALS AND METHODS
2.1 Experimental Section

2.1.1 Synthesis of the Silane Coating
Solution

APTES, MPTMS, GPTMS, and TEOS of 98% purity
were purchased from Sigma-Aldrich. Distilled water and
ethanol were employed as coating solution media, while
glacial acetic acid was used as a silane hydrolysis reaction
initiator.

2.1.2 Substrate Preparation

A GI steel sheet was used as the substrate for the
coating application, where the zinc coating thickness
was ~10um. A coupon sample with a thickness of
0.8mm and a surface length and width of 100mm and
30mm, respectively, was used for coating and further
experimentation. These substrates were degreased in a
2.5wt.% Ridoline 1352BA (purchased from M/S Henkel
Corporation) solution at 65°C for 1-2min, followed by
rinsing in distilled water and hot air drying before coating.

2.1.3 Synthesis of the Silane Coating
Solution

Four different coating solutions were prepared by
varying the silane concentration and water-ethanol ratio
(v/v). The abovementioned silane chemicals (5 vol%)
were poured into a 1:4 (v/v) ratio of the waterethanol
mixture. Glacial acetic acid was mixed with each coating

solution dropwise until the pH was in the 5-6 range.
The solution was then agitated for an additional 48h
to facilitate complete hydrolysis of the silanes. This
hydrolyzed silane solution was then used for coating
deposition. The composition and sample IDs of each
coating solution are presented in Table 1.

2.1.4 Coating Deposition and Curing

After the steel samples were cleaned, they were
dipped into the silane solution for 60sec before being
dried in a hot air oven for 5min at 120 degrees Celsius to
create a hardened coating. This is an industrial process
for coating steel surfaces in many plants.

2.1.5 Fourier Transform Infrared (FTIR)
Spectroscopy

FTIR studies were performed on both the hydrolyzed
silane solution and the final cured coating to determine
the structural changes, such as the extent of hydrolysis
of the coating solution and the curing of the coating film.
A Vertex 80 FTIR System (Bruker, Germany) was used
to perform all the FTIR tests. The scan wavenumbers of
each test ranged from 450 to 4000cm™.

2.1.6 Coating Morphology

We investigated the coating surface microstructures of
the four coated steel substrates using a ZEISS Crossbeam
350 scanning electron microscope equipped with an
energy-dispersive spectrometer at an accelerating voltage
of 10kV and a probe current of 2.8A at a working distance
of 10mm.

2.1.7 Electrochemical Measurements

We employed a flat three-electrode cell arrangement
for the electrochemical testing, with bare and silane-
coated GI steel samples serving as the working
electrodes, a saturated calomel electrode serving as the
reference electrode, and a platinum mesh serving as
the counter electrode. A 3.5 wt% aqueous solution of
NaCl served as the electrolyte in every investigation. A
one-square-centimeter section of the working electrode
was exposed for every electrochemical test. To get a
steady open circuit potential (OCP), the sample was
submerged in the electrolyte solution for 30min prior
to potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) experiments. Every
test was carried out at a temperature of 25°C in an
oxygen-free chamber. Experiments on potentiodynamic
polarization were conducted at a scan rate of 0.5mV/s
throughout a 500mV range with respect to the OCP.
EIS research was done to comprehend the causes of
corrosion and the barrier properties of the silane coating
on GI steel. Applying a 10mV sinusoidal perturbation
at OCP throughout a frequency range of 100kHz to
10MHz allowed for the impedance measurement. Gamry
EChem Analyst was utilized to compute electrochemical
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parameters by simulating the observed spectra with
matching comparable electric circuits*”,

2.2 Computational Details

DFT was utilized to optimize the geometries of all four
organosilanes, with the B3PW91 functional”” being utilized
for the exchange-correlation term. Previous theoretical
investigations”**”’ have demonstrated that when it comes
to accurately replicating the experimental geometry
of organosilicon compounds, the B3PW91 functional
outperforms the B3LYP”******°! functional. The stability of
the optimized structures was confirmed by verifying that
no imaginary frequencies were present in the equilibrium
geometries. Using DFT-optimized geometry, the DFT
method was used to assess the orbital energy, total energy,
and population fluctuations. In this study, we used the BS-1
and BS-II basis sets. In BS-I"”, the LANL2DZ (21/11/41)
basis set with effective core potential (ECP) was used for
all Zn atoms, and the standard 6-31G(d)*”*** a double
zeta basis set was employed for all other atoms. Geometry
optimization was performed using the BS-I system. Zn
atoms in the BS-II system were based on the Stuttgart-
Dresden basis set (311,111/22,111/411) with Effective
Core Potential (ECP), whereas all other atoms were based
on the triple zeta split valence basis set 6-311G(d). BS-
II measurements were made of orbital energy, total
energy, adsorption energy, and population changes. BS-
IT was used to calculate global reactivity parameters such
as the energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
of the molecule, the electronegativity (x), the global
hardness (n), the energy gap (AE) between the HOMO
and LUMO, the dipole moment (u), and the number of
electrons transferred (AN) from the coating molecule to the
substrate. Furthermore, this study used Tomasi's polarizable
continuum model (PCM)“***", We included solvation effects
(water) in the theory of self-consistent reaction field (SCRF).
Notably, gas-phase geometry optimization was used in the
PCM calculations. The Gaussian 16 software program was
used to carry out all of these computations. Analysis of the
natural bond order (NBO) was performed using a technique
provided by Weinhold et al**’. The chemical potential (1) and
global hardness (1) of a chemical system are given by’

u="2=x @

1-A
p=52 @
The ionization potential is denoted by I, the electron
affinity is denoted by A, and x is the absolute electro-
negativity for any system.

The frontier orbital energies are determined by
Koopman's theorem"™"’;

-Enomo =1 3
-Eruomo = A 4

Until the chemical potentials are equal, electrons will

flow from the atom with the lower value in the bulk metal
to the atom with the higher value in the coated molecule.
The formula for the amount of electrons transported,
denoted by “AN""* s

AN = XZn0~Xmol 5
2(n1zn0+ fhmol) ( )

where the absolute electronegativity of zinc oxide in
GI steel is denoted by Xz.0 and X.., respectively, and
the hardness of the coating molecule and zinc oxide is
indicated by 1., and n.,. The (Zn0O),, cluster's x (5.2eV
in gas and 4.1eV in water phases) and n (2.1eV in gas
and water phases) were utilized to assess the AN values.

3 RESULTS AND DISCUSSION
3.1 Analysis of the Coating Structure

The coating network assemblies after film formation
were studied through FTIR and are shown in Figure 2. The
presence of multiple peaks in the range of 1000-1130cm™
in the spectrum of the silane films (Figure 2A-D) indicates
that Si-O-Si bonds formed due to the curing of all the
silane coatings™”. The peaks in the range of 900-1000cm™
indicate the formation of Si-O-metal bonds™*®, which are
covalent interactions between the siloxane network and
the metal substrate, as shown in Figure 2A-D.

Two peaks in the range of 2830-2950cm™ for silane
systems-1G,1 M, and 1A (Figure 2B-D) for both the sol
and the film systems represent the -CH, asymmetric and
symmetric vibrations characteristic of the alkyl chains
that exist in all these silanes except for TEQS"".

The occurrence of a peak at 1255cm™ in the film of the
1G system (Figure 2A) corresponds to an absorption peak
of the Si-CH, bond in GPTMS™*”! while the shoulder peak at
915cm™ can be indicative of the C-O bond of the oxirane
ring, which is characteristic of GPTMS"”. In the case of
the 1M system (Figure 2D), a weak peak at 2569cm™ is
observed in the sol but is reportedly missing in the film.
This weak peak is representative of the thiol group (-SH)
of MPTMS!****! Moreover, for the 1A system (Figure 2C),
similar weak peaks are observed in the soil in the range of
1550-1600cm™ which is absent in the film spectrum. The
weak amino (-NH,) peak (1550-1600cm™) of APTES. The
absence of weak peaks in both films (Figure 2C and 2D)
could indicate that the bonding to the metal substrate
could occur through these groups along with the silanol
linkages. Moreover, the occurrence of the 'S" and ‘N’ atoms
in their respective chains would enhance the chances of
intramolecular hydrogen bonding and hence allow for a
dense, compact siloxane network. Figure 1a shows that
a siloxane network formed over the layer on the TEOS-
coated steel since only the Si-O-Si peak at 1074cm™ and
the Si-O-M peak at 940cm™ were present.

3.2 Surface Morphology of the Coating
Using CB340-EDS (JEOL), scanning electron microscopy
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Figure 2. Infrared Spectra for (A) TEOS, (B) GPTMS, (C) APTES, and (D) MPTMS Sol and Coating on GI Steel.

A .
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A
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Figure 3. Interaction of the Hydrolyzed Silane Film
on Metal Surfaces. R indicates functional groups such as:
epoxy, thiol, or amino groups.

(SEM) was used to assess the microstructure of the
four organosilane coatings. Figure 3 shows the surface
microstructure and cross-sectional appearance of the
four different coatings coated on the GI steel substrate.
Evidently, a fracture of the coating film was observed
for 1T, whereas no such fracture was observed for the
other coatings (Figure 4). Following the potentiodynamic
polarization study, this is evident for the disintegration of
the protection layer for 1T and a path for corroding species
to initiate corrosion. In addition, the average coating
thicknesses found for 1G, 1A, 1M, and 1T were 13.01,
16.46, 21, and 24.01pum, respectively.

3.3 Electrochemical Results

3.3.1 Potentiodynamic Polarization
Studies

We employed a potentiodynamic polarization test in
accordance with ASTM G59-97 (2014) to assess the
electrochemical behaviour of various coatings in a 3.5%
NaCl solution. Using the Tafel extrapolation method,
the electrochemical behaviour of the coated substrates
was determined by calculating the anodic (B,) and
cathodic (B.) Tafel slopes, corrosion potential (E.), and
corrosion current density (i) from the potentiodynamic
polarization curves (Figure 5). Additionally, we evaluated
the various parameters using the program Gamry
Echem Analyst, as indicated in Table 2. To compare the
corrosion resistance characteristics of the various silane-
coated films to those of the uncoated steel, the corrosion
inhibition efficiency (Ie%)"“", which is specified in
equation (6), was determined for each sample.

le% = Bl x 100 (6)

Leorr

where the corrosion current densities of the bare steel
and the silane-coated film are denoted by 2y~ and i,

respectively.
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Figure 5. The Potentiodynamic Polarization Graphs
for Uncoated and Silane-coated GI Steel.

Figure 5 shows that all the coated steels have similar
anodic and cathodic reaction kinetics except for 1T. The
1T coating showed a greater potential shift from that of
the bare substrates. All the coated steels show cathodic
Tafel slopes higher than the anodic slopes, which can be

attributed to the anodic controlled corrosion process. Bare
steel shows an even greater cathodic Tafel slope than
coated steel. This indicates that the surface is oxidized as
soon as it is exposed to electrolyte solutions. Therefore,
all the samples show increased anodic dissolution
behavior with little increase in the anodic polarization
potential. An increased cathodic Tafel slope for coated
steel suggests slower cathodic reaction kinetics.

2H,0+0,+4e—4(0H") 7)

It was observed (Table 2) that the corrosion potentials
(Eerr) Of the 1A- and 1M-coated samples shifted toward
positive potentials for bare steel, but for 1G and 1T,
they shifted toward negative potentials. The combined
effect of anodic dissolution and suppression of cathodic
reactions can explain the decrease in the corrosion
current density'”*?. The decrease in the corrosion rate as
a result of the change in the current density might also
be due to the corrosion inhibition offered by the three-
dimensional networked silane film™", which acts as a
barrier protective layer against oxygen and chloride ions.

The trend in the corrosion inhibition efficiency values
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Table 2. Electrochemical Parameters of Uncoated and Coated Steel Obtained Through Tafel Extrapolation

Samples E...r (V/SCE) icorr (MA/cmM?) B. (mV/dec) -B. (mV/dec) Ie (%)
Bare GI -0.892 6.01 57.3 1015

1T -0.980 2.19 53.04 632 63.56
1G -0.886 0.313 70 264 94.79
1A -0.922 0.339 75 141 94.36
iM -0.905 0.25 62.4 222 95.84

for the different organosilane formulations proves that
functional organosilanes such as 1G (GPTMS), 1M
(MPTMS), and 1A (APTES) provide better corrosion
protection to GI steel than do nonfunctional organosilanes
such as 1T (TEOS). This phenomenon can be explained
by the presence of electron-donating groups such as
-SH, -NH, and epoxy in the silane system, which allows
for better adhesion through coordination bonding to
the vacant d-orbital of the metallic zinc coating on the
steel ™", Moreover, these organosilanes allow dense fim
formation by the networked siloxane structure, which can
be seen in the microstructure images, but in the case of
1T, the coating film was found to be cracked (Figure 4D).
Furthermore, in the case of functional silane coatings,
this crosslinked dense film is developed in the process of
intramolecular hydrogen bonding within the molecules
due to the presence of heteroatoms with different
electronegativity. Stronger hydrogen bonding is evident in
epoxy-functionalized silane due to the presence of oxygen
(0O) linkages in the epoxy-functionalized silane (1G) than
in amino-functionalized silane (1A). The thiol-functional
silane (1M) coating exhibited the best corrosion resistance
because of the combined effect of a strong hydrogen-
bonded silane network coupled with its inherent corrosion
inhibition property, which is further explained by quantum
chemical studies in subsequent sections. The mechanisms
of interaction were elucidated through DFT calculations
and are explained in subsequent sections.

3.3.2 Electrochemical Impedance
Spectroscopy Studies

EIS was performed to study the barrier properties and
electrochemical reaction phenomena at the coating film
and metal interface in 3.5% NaCl aqg. Solution”"*”, The
findings from this study supported the observations drawn
from potentiodynamic polarization and quantum chemical
studies™******1, The Nyquist plots shown in Figure 6A
specify the occurrence of dual capacitive loops, which can
be further confirmed through two-time constants (in the
frequency range of 10'Hz and 10*-10°Hz), as observed
in the corresponding Bode phase angle plot (Figure 6C).
The high-frequency spectra are indicative of the barrier
qualities of the silane coating, while the low-frequency
spectra represent the process of corrosion occurring at the
coating-metal contact. Bare steel and silane coatings both
exhibit a zone of resistive behavior at higher frequencies
(10° to 10°Hz) and a zone of capacitive behavior at low

frequencies (102 to 10™"Hz) in their respective Bode
impedance spectra. Compared with that of the coated
samples, the resistive behavior at lower frequencies can be
most prominently observed in the bare steel. We observed
from the Nyquist plot that there was a remarkable
increase in the radius of the capacitive loops for the silane
coatings on the GI steel sample relative to that on the bare
steel sample, indicating a higher protective efficiency of
the coated film. The different silane coating films agreed
well with the trend observed in the polarization studies.
The modulus of the impedance (|Z]) for the different
samples (Figure 6B) also corroborates the trend found
in the polarization curves. With the intention of better
explaining the processes of the electrochemical reactions
of the various coating films, we could quantitatively
analyze the values of the electrochemical parameters from
the impedance spectra. The electrochemical values were
calculated by modeling the events occurring at the various
interfaces (electrolyte/coating and coating/steel) in an
analogous electric circuit and fitting the resulting spectra,
as shown in Figure 6D.

The following parts make up the corresponding circuit:
(i) electrolytic solution resistance (RS), (ii) silane covering
layer resistance (Rc) in parallel with constant-phase
element (CPEc), and (iii) at low frequency, constant-
phase element (CPEdI) and charge transfer resistance
(Rct) corresponding to the corrosion reaction'™ "', R,
represents the resistance offered by the coating to the
penetration of electrolyte and corrosive ions, whereas
CPE. represents the dielectric impedance observed by the
coating layer. Constant phase elements were picked to
show how different the coatings are physically, and their
impedance value is defined as'™”:

Zcpg = m (8
where j=v-1, C is the capacitance, w is the angular
frequency and is calculated as w = 2nf-rad-s™), n is the
exponent, which lies in the range between 0 < n < 1. The
following formulae were used to convert these constant
phase components into capacitive analogs '

C= (CPE xR/ 9)

R

where R denotes the resistance in parallel or series with
the CPE and indicates the constant phase element index
(m or n), CPE stands for the constant phase element,
and C represents the capacitance. The capacitance
values C. and Cy for the accompanying constant phase
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Figure 6. Analyze and Fit the Electrochemical Data of Uncoated and Silane-coated Galvanized (GI) Steel. A:
Nyquist, B: Bode-impedance, C: Bode-phase angle plots, D: Electrochemical equivalent circuit with two capacitive elements

used to fit the data of uncoated and silane-coated GI steel.

Table 3. The Electrochemical Parameters for Bare and Silane-Coated Gi Steels Obtained Through Eis

Samples R, (Q2:cm?) R.(kQ-cm?) C.(uF-cm’) m R, (kQ-cm?®) C, (UF-cm?) n R, (kQ-cm?®) CRe (%)
Bare 20.8 0.69 10.4 0.88 0.625 3.41 0.57 6.94 -

1T 19.4 7.00 9.83 0.79 5.34 2.23 0.54 12.3 243.8
1G 19.7 7.58 0.26 0.34 64.2 0.29 0.89 71.7 90.3
1A 18.1 7.03 1.11 0.76 19.4 0.71 0.61 26.4 73.7
1M 20.0 16.01 0.153 0.89 76.9 0.152 0.37 92.9 92.5

elements are displayed in Table 3. The overall resistance
provided by the silane coating was computed using the
fitted parameters as the sum of the charge transfer (Ry)
and coating resistance (R.).

The corrosion resistance efficiency (CRe) was defined as
the impedance to compare the corrosion resistance of the
different silane-coated samples to that of the bare steel.

CRe% =T x 100 (10)
t

where R and R, represent the resistance to corrosion

offered by bare steel and silane-coated steel, respectively.
The collected impedance parameters are shown in Table 3.

The value of R;indicates the resistance to corrosive ions
penetrating the metal surface. The trend of the R, values for
the functional organosilane coatings is in total agreement
with the potentiodynamic studies. A lower value of C. (higher
capacitive impedance) indicates a dense film possessing
low permittivity and, hence, improved corrosion resistance.
The protective effects of these coating films decreased in
the following order: 1M (0.15pF-cm?®) > 1G (0.26pF-cm?) >
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Table 4. Mulliken® Charges (In e’) of the Atoms/Groups in the 1t-1g Silane Molecule

Molecules Si o1 02 03 End atoms
1T +1.3 -0.6 -0.6 -0.6 -0.8 (O)
1G +1.3 -0.8 -0.8 -0.8 -0.3 (0)
1A +1.3 -0.8 -0.8 -0.8 -0.8 (N)
iM 153 -0.8 -0.8 -0.8 -0.1 (S)

Notes: *DFT (B3PW91)/6-311G* calculations

1A (1.11pF-cm?®) > 1T (9.83uF-cm?). This indicates that the
thiol-functionalized organosilane provides good interfacial
adhesion compared to epoxy and amine-functionalized
silanes. This can be explained by the logic that atoms
with higher electron negative values tend to form strong
chemical bonds with hydrogen atoms. However, oxygen-
bearing epoxy functional groups are supposed to provide
strong bonding compared to thiol-bearing functional groups.
Moreover, quantum chemical studies (explained in the
next section) have further shown that thiols are the best
adhesion promotors in terms of the electronic structures of
organosilane compounds and global reactivity parameters.

3.4 Quantum Chemical Studies

Figure 7 displays the optimized molecular structures

with total energies and the distributions of the lowest
unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) of the compounds
under investigation in the gas phase. Table 4 summarizes
the Mulliken charges of the atoms in each of the four
organosilane compounds, and Table 5 summarizes the
quantum chemical characteristics.

The capacity of a molecule to donate electrons to an
empty molecular orbital of another metal is represented
by the energy of HOMO (E,omo) according to frontier
molecular orbital (FMO) theory. On the other hand, the
electron affinity of Eyuo (the energy of the LUMO) is
related to a molecule's tendency to take up electrons.
The adsorption centers of coating molecules can also

https://doi.org/10.53964/id.2024032
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Table 5. Quantum Chemical Parameters® (in Gas/water) for Organosilanes Molecules

Molecules E umo (€V) E.omo (€V) AE (eV) n (eV) X (eV) AN (€) p (D)
1T 1.2/1.1 -7.7/-7.9 8.9/9.0 4.4/4.5 3.2/3.4 0.08/0.00 0.02/0.02
1G 0.5/0.8 -7.2/-7.3 7.7/8.0 3.8/4.0 3.3/3.2 0.16/0.07 3.2/3.8
1A 0.6/0.8 -6.4/-6.6 7.0/7.4 3.5/3.7 2.9/2.9 0.21/0.10 2.3/3.0
1M 0.4/0.4 -6.4/-6.7 6.9/7.1 3.4/3.6 3.0/3.2 0.20/0.08 3.4/4.2

Notes: *DFT (B3PW91)/6-311G* calculations

be predicted using FMO. The HOMO and LUMO of the
four different silane molecules in Figure 6 have separate
distribution centers, implying that the functional group
attached to the alkyl chain influences the four molecules'
collective reactivity. Infrared spectroscopy has proven
that the functional groups of organosilane molecules can
give electrons to create chemical bonds with the metal
of the substrate. HOMOs in 1G, 1A, and 1M molecules
are typically found on terminal functional groups like
epoxy, amine, and thiol. This indicates that adsorption on
the metal surface happens via end functional groups®”.
For 1T, the HOMO is distributed in the Si-O bonds. As
illustrated in Figure 7, the LUMO distributions of 1G,
1A, and IT are comparable and primarily dispersed in
the Si-O bond. Because the Si-O bond and thiol group
have the same charge density as the LUMO in 1M,
thiol is a good electron acceptor for producing a back-
donation interaction with metal, allowing 1M molecules
to adsorb on the metal surface. Table 4 presents the
Mulliken atomic charges of the main atoms in the four
organosilane compounds.

There are no differences in the negative charges of O
atoms directly connected to the Si center in 1G, 1A, and 1M,
indicating that the reactivity of alkyl chains connected to the
Si center is similar in 1G-1M, although different functional
groups are attached at the end. Differences in charges
come at the end atoms associated with the alkyl chain for
different functional groups in 1G-1M. These negatively
charged terminal atoms will aid in the adsorption process in
molecules 1G, 1A, and 1M. The atomic charges of the two
O-terminal atoms in 1G are -0.3, those of N are -0.8 in 1A,
and those of S are -0.1 in 1M.

3.4.1 Global Reactivity Parameters

In general, a high value of E,ouo and a low value of
E,uvo indicate that this molecule effectively inhibits metal
corrosion'®"’, The interaction between the adsorbed
molecule and the substrate surface is quantified by
the chemical stability of the metal complex, which is
determined by the gap between the HOMO and LUMO
energy levels of the molecule (AE=E, yyo-Enomo). Taking
an electron out of the last available orbital, the excitation
energy must be small; hence, molecules with low AE
values have better inhibitory efficacy. A highly reactive
and kinetically unstable molecule is typically characterized
by a low AE and increased polarizability. This type of
molecule is known as a “soft molecule”**’), In table 5,

the values of E.qvo in both the gas and aqueous phases
follow the order of 1IMx1A>1G>1T, while the values of
E.uwo follow the order of 1IM<1G<1A<<1T. The trend of
the AE values in Table 5 is 1IM<1A<1G<<1T for both
the gas and solution phases. Based on the above results
and explanations, the effectiveness of inhibiting corrosion
(in gaseous and aqueous phases) by four organosilane
molecules follows the order of 1IM>1A>1G>1T. It can be
observed that the four compounds' respective corrosion
inhibition efficiencies 1G-1T decrease in the aqueous
phase compared to those in the gas phase due to the
higher E yuo, lower E,omo, @and higher AE values in the
aqueous phase than in the gas phase.

The stability and reactivity of a molecule can be
predicted using the global hardness n (equation (2)).
The AE value of a hard molecule is high, while that of a
soft molecule is low. Soft molecules are more reactive
than their rigid counterparts because they can more
easily donate electrons to an acceptor. The molecules of
the coating are Lewis bases, while the metal is a Lewis
acid in this case. According to the HSAB (hard soft acid
base) theory'®”, since most metals are weak acids, the
most efficient way to prevent corrosion is to use soft
base molecules. Therefore, the most efficient corrosion
prevention method involves molecules with the lowest
global hardness®’. Table 5 clarifies that the n values in
the gas and aqueous phases are in the following order:
1M=1A<1G<1T. According to all of these findings, the
investigated organosilane molecules' order of corrosion
inhibition efficacy is 1IMx~1A>1G>1T, meaning that the
best organosilanes for protecting metals from corrosion
are those that include amino and mercapto functional
groups. Because all molecules have larger ) values in the
aqueous phase than in the gas phase, it should be noted
that the inhibitory efficiency of molecules is lower in the
aqueous phase than in the gas phase.

The study is shown in Table 5, where the number of
electrons transferred (AN) between four organosilane
molecules and a metal substrate was calculated using
equation (5). Sanderson's electronegativity/hardness
equalization principle®”, provides the basis for the
descriptor AN, which signifies that electron interaction
between the coating and metal molecules will persist
until their electronegativity levels are equal. When
AN is positive, the coating molecule functions as an
electron donor, and as AN increases, the corrosion rate
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falls because the metal and molecule have a stronger
interaction. The strongest metal-silane linkages may be
produced by organosilanes with thiol and amino functional
groups, as shown in Table 5.

The dipole moment of a coating molecule is another
measure of its efficacy as a corrosion barrier. It plays a
crucial role in determining a molecule’s polarity. Increasing
the dipole moment improves the efficiency of corrosion®” "
because it makes it easier for the molecule to adsorb on the
inorganic substrate surface via physical forces. The values of
molecules 1G, 1 M, and 1A are all greater than that of water
(1.88D), as shown in Table 5. Therefore, all these molecules
with functional groups are expected to be strongly adsorbed
on the substrate surface through physical forces, which
agrees with the FTIR results described in the experimental
section. The order of the u values is 1M>1G>1A regardless
of the phase, indicating that the 1M organosilane molecule
containing a thiol functional group provides the strongest
adsorption through physical forces onto the GI steel
substrate compared to that for other silanes.

Overall, based on the quantum chemical calculations
of the global descriptors considered for each molecule
as described above, the order of the efficiencies of the
coating molecules against the corrosion of GI steel is
1M=1A>1G>>1T. These results establish that functional
organosilanes such as MPTMS, APTES, and GPTMS offer
much better corrosion protection to GI steel than do
normal silanes such as TEOS. All these computational
results are in good agreement with the experimental
results. The trends of the curve using capacitive
impedance from the experiments and the AN and p
values from the quantum chemical calculations mutually
satisfy the observation, as shown in Figure 8.

Figure 8A and 8B show the variation of charge transfer
with coating capacitance and dipole moment, respectively,
whereas Figure 8C shows the variation of coating
capacitance with the dipole moment of the different silane-
coated systems. The stronger the dipole moment of the
molecules in the material, the greater the capacitance.

There is marginal change in coating capacitance in case
of 1A, 1M and 1G. However, coating capacitance of 1T is
higher due to its larger dipole moment. A higher charge
transfer and dipole moment indicate better protection of
GI steel against corrosion, which is also evident from the
lower coating capacitance shown in Figure 8A. The coating
capacitance for the functional silane coatings (1G, 1 M, 1A)
is almost 10 orders of magnitude lower than that of the
nonfunctional silane coating (1T). The 1M coating offers
the highest impedance, which reflects the higher corrosion
resistance observed in the potentiodynamic studies as well.

3.4.2 Adsorption of Organosilanes on
the (Zn0O),, Cluster

The (Zn0O),, nano-cluster, which served as a model
for the top surface of GI steel that really interacts with
coatings, was used to study the adsorption process at the
interface between organosilanes and ZnO nano-cluster.
Figure 8 presents the optimized ground state geometry of
the (Zn0),, cluster together with key Kohn-Sham orbitals
of the cluster. The cage-type optimized (ZnO),, cluster
has two different types of Zn-O bonds: one larger (bond
distance: 1.98 &) and the other shorter (bond distance:
1.92 R)“**!, 0 (2p) and Zn (3d) orbitals constituted the
majority of the HOMO, whereas the antibonding overlap
between O (2S) and Zn (4S) orbitals was present in the
LUMO. The calculated difference between the cluster's
HOMO and LUMO orbitals was 4.15 eV. The optimized
form of the ZnO,, nano-cluster exhibited good agreement
with previous DFT analyses™®. The optimized structures
of adsorbed organosilanes 1T@(Zn0);,, 1G@(Zn0);,,
1A@(Zn0),,, and 1 M@(Zn0O),, at the ground state level
are presented in Figure 9. Each adsorbed geometry was
fully relaxed during DFT geometry optimization, where
organosilane molecules were placed on the ZnO cluster
by targeting heteroatoms. The electron densities in Mos
and atomic charges of organosilane molecules clearly
proved that the heteroatoms are the probable adsorption
centers, as explained above.

Equation (11) was utilized to compute the adsorption
energies (E.y), Where E,, represents the overall energy
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respectively.

of the optimized (Zn0),, cluster, Eg denotes the overall
energy of the optimal organosilane molecule, and E,,o.g;
represents the overall energy of the optimized adsorbed
structures. Table 6 provides the adsorption energies (E,4)
of each adsorbed structure as well as the energies of
critical molecular orbitals and gaps between HOMO and
LUMO orbitals.

(Ezno + Esy) 11

Egqs = Ezno-si —

Every organosilane molecule experienced an exothermic
adsorption process. The adsorption energy range (E..)
was found to be between 5.1 and 47.9kcal/mol. The E,4
order was 1T@(Zn0),,<<1A@(Zn0),,<1G@(Zn0);,<1M@
(Zn0),,, indicating a substantially higher exothermic
adsorption process for functional organosilane molecules
than for non-functional organosilane molecules. The
strong adsorption of three functional organosilanes onto
the (Zn0O),, nano-cluster was verified by high values
(>40kcal/mol) of E,g.

Functional organosilane molecules adsorbed via multiple

bond formations with the ZnO cluster. Bonding interactions
formed between Zn atoms of cluster and heteroatoms O,
N, and S present in the organosilanes, as shown in (Figure
10B-D), where the Zn-, bond distance was approximately
2.1R. The Zn-N distance was 2.2A in the adsorption of
1A (Figure 10B), and the Zn-S distance was 2.6 Ain
the adsorption of 1M (Figurel0C). The silicon center
underwent five coordinations and became hypervalent
through Si-O bond formations with the O atom of the
ZnO cluster in adsorption of 1A and 1 M. The Si-O bond
distance was 1.7R in adsorptions of 1A and 1M. O---H-C
hydrogen bonding interactions were observed during the
adsorption of 1G between the H atom connected to the C
atom adjacent to the epoxy group and the O atom of the
cluster. The H atoms of the OH groups formed hydrogen
bonds with the O atom of the ZnO cluster, where O--
-H bond distance is 1.5A in adsorption of 1T, 1G, and
1A. The hypervalency of heavier Group 14 elements has
been reported in previous theoretical studies”””. All these
bonding interactions supported the formation of Si-
O.urtacer ZN-0 orecuer O-H, Zn-N, and Zn-S bonds during
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Table 7. Natural Charges (in e) of Important Groups and heteroatoms in Alkyl Chain of Organosilanes

for the Adsorbed Structures

Molecule (ZnoO),, Organosilane Si o1 02 03 Heteroatoms
1T@(Zn0),, -0.04 +0.04 +2.22 -1.06 -1.06 -1.03 -1.03 (O)
1G@(Zn0),, -0.14 +0.14 +2.19 -1.12 -1.06 -1.10 -0.60 (O)
1A@(Zn0);, -0.16 +0.16 +2.19 -1.11 -1.09 -1.06 -0.87 (N)
1 M@(Zn0),, -0.12 +0.12 +2.15 -1.10 -1.08 -1.05 +0.03 (S)

the adsorption of organosilane molecules onto the (ZnO),,
cluster.

As shown in Table 7, natural charges of adsorbed
geometries showed that the organosilane moiety
is positively charged and that the (ZnO),, cluster is
negatively charged. This result claimed that electron
donation occurred from the organosilane moiety to the
(Zn0);, cluster during adsorption.

When comparing the adsorption of functional organo-
silanes to that of non-functional ones, the positive charge of
the organosilane moiety increased. This suggests that the
presence of O/N/S heteroatoms in the alkyl chain facilitates
the donation of electrons from the organogermane moiety
to the (Zn0),, cluster during the adsorption process. The
greater AN values of 1G, 1A, and 1M compared to 1T were
justified by this outcome. The S atom’s positive charge
significantly increased during the 1M adsorption (Table 6),
suggesting that the S atom actively contributed to the
electron donation from the organosilane during adsorption.
Key Kohn-Sham molecular orbitals for the adsorbed
structures are presented in Figure 3B, C and Figure 4A, B.
These MOs further shed light on electron donation by
organosilane moieties. LUMOs were located mainly on the
(Zn0),, cluster, while the HOMOs consisted of overlap of
electron densities between the cluster and organosilane
moieties. All these results showed that chemical bonds
formed at the interface for functional silanes, which is
supported by larger values of the E,4 of functional silanes.

The higher adsorption energies of the functional
organosilanes (1G, 1A, and 1M) than of the nonfunctional
organosilane (1T) are attributed to their higher E,owo
energies and lower AE values than those of the
nonfunctional organosilane, which favors electron donation
from the HOMOs of the organosilane to the LUMOs of the
ZnO substrate.

4 CONCLUSIONS

This study aimed to assess the corrosion protection
efficiency of functionalized (-O-, -NH,, -SH) and
nonfunctionalized organosilane films applied to GI
steel. The best protection (92.5%) was given by the
thiol-functionalized organosilane coating (1M), which
outperformed the epoxy (1G), amino-functionalized
(1A), and nonfunctionalized (1T) coatings. Capacitive
and resistive impedances were greater in the 1M
film, suggesting better corrosion inhibition and barrier

qualities against corrosive ions. The study examined
the relationship between the electronic structure of
the organosilane molecules and corrosion inhibition
efficacy using DFT method. Functional groups such as
epoxy, amine, and thiol are thought to be the means of
adsorption to the (Zn0O),, cluster, according to frontier
orbitals and Mulliken atomic charges in 1G, 1M, and 1A.
The AN values followed the trend 1A=1M>1G=1T in both
gas and aqueous phases, indicating strong metal-silane
coordinate bond formation in 1A and 1M. The order of p
values was 1M>1G>1A>>1T, suggesting that functional
organosilanes adsorb more strongly to the GI steel
than nonfunctional silanes through physical forces. This
DFT research on the interactions between organosilane
molecules and a (Zn0O),, cluster found numerous bond
forms at the interface during adsorption. The heteroatoms
(O/N/S) in organosilane molecules strongly bind with
Zn atoms, facilitating the adsorption process. The silicon
core in molecules 1A and 1M becomes hypervalent,
coordinating with five atoms. Adsorption is exothermic for
all compounds, showing great potential for adsorption onto
the ZnO substrate. The adsorption energies (E.4) surpass
40kcal/mol, with the order of adsorption energy being
1T@(Zn0),,<<1G@(Zn0),,<1A@(ZnO),,<1M@(ZnO),,.
Functional organosilanes have substantially greater
adsorption energies than nonfunctional ones, ascribed
to higher E,ovo energies and lower AE values, enabling
electron donation from the organosilane HOMOs to the
ZnO LUMOs. Evidence of chemical bond formation at the
interface is supported by electron density overlap in the
molecular orbitals, and natural charge analyses indicate
significant charge transfer from the organosilane moiety to
the (Zn0O),, cluster.
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