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Abstract Sol–gel based coatings are used to protect
metals from corrosion. They offer a barrier to the
electrolyte penetration, but they do not provide active
corrosion protection. Therefore, corrosion inhibitors
are often added to sol–gel formulations to improve the
overall corrosion behavior. Sol–gel-based coatings
typically require relatively high temperatures to be
properly cured, which supposes high energy consump-
tions and might damage some of the precursors of the
formulation, including corrosion inhibitors incorpo-
rated to improve the coating’s properties. In this study,
the effect of diethylenetriamine (DETA) as a curing
agent, and yttrium 4-hydroxy cinnamate [Y-(4OH-
Cin)3] as corrosion inhibitor, on the chemistry and
corrosion performance of a hybrid silica-epoxy formu-
lation are investigated. Solid nuclear magnetic reso-
nance and attenuated total reflectance Fourier
transform infrared spectroscopy are carried out to
analyze the influence of the curing agent and the
corrosion inhibitor on the chemical structure of the
coating. The corrosion performance is assessed by
means of electrochemical impedance spectroscopy, and

the results are evaluated considering the chemical
study and the interaction between the different com-
pounds.

Keywords Yttrium 4-hydroxy cinnamate, Hybrid
silica-epoxy sol–gel coating, Rare earth metal,
Solid-state NMR (nuclear magnetic resonance),
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Introduction

Traditional methods to prevent the corrosion of carbon
steel have involved chromates, which have been widely
used as corrosion inhibitors and as a major component
in conversion coatings. However, chromates are toxic
and carcinogenic and should be substituted.1

Hybrid organic–inorganic sol–gel-based coatings are
currently of great interest as conversion coating
replacements. Their inorganic moiety provides excel-
lent barrier properties and very good adhesion to the
metal being protected, while their organic components
ensure compatibility with the paint systems applied on
top.2 However, barrier properties might not be enough
to protect against corrosion, and the coatings eventu-
ally take up electrolyte and detach from the metal,
leaving it unprotected and prone to damage. Thus, the
incorporation of environmentally friendly corrosion
inhibitors in the sol–gel coatings should confer the
active protection needed for better overall anticorro-
sion properties.

Due to the need for replacement of chromates,
investigations have been focused on the development
of new, environmentally friendly corrosion inhibitors.
Rare-earth metal (REM) salts were found to be
efficient corrosion inhibitors for different metallic
substrates by suppressing the cathodic electrochemical
reaction involved in the corrosion process.3 On the
other hand, organic corrosion inhibitors have also
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shown their ability to suppress the anodic reaction by
forming a protective layer at the anodic sites.4 There-
fore, it is expected that the combination of rare earth
metals with organic compounds would result in a rare
earth metal complex that could suppress both the
anodic and the cathodic reactions involved in the
corrosion process.5,6

Lanthanum 4-hydroxy cinnamate [La(4-OHCin)3Æ5-
H2O] and yttrium 4-hydroxy cinnamate [Y(4-OHCi-
n)3Æ3H2O] (where relevant, the water molecules have
not been included for simplification) have consistently
shown very good corrosion protection for mild steel.5,7

These inhibitors have been proposed to act synergis-
tically in solution to reduce both electrochemical
reactions.7 These corrosion inhibitors have been
directly incorporated to epoxy coatings8 and La(4-
OHCin)3 has also been incorporated into hybrid
organic–inorganic formulations developed by the sol–
gel method,9,10 showing promising results.

In the process of coating application, the consolida-
tion of the deposited layer is traditionally obtained by
applying a thermal treatment, which contributes to
eliminate the water absorbed on Si–OH and Ti–OH
groups and to decrease the porosity and the surface
area of the material. The thermal treatment also leads
to a more densified network with a higher degree of
crosslinking. Usually, the Si–OH and Ti–OH residue
groups condense further to Si–O–Si and Ti–O–Ti at
temperatures above 400 �C,11,12 although this treat-
ment is not always possible due to the substrate’s
limitations. In addition, the organic fractions of the
coating cannot withstand such high temperatures,
therefore the thermal treatment for hybrid organic–
inorganic networks is frequently decreased. At lower
curing temperatures, it must be assumed that part of
the physically and chemically bound water, as well as
organic materials that have not been hydrolyzed, will
persist in the structure.9,10 In a previous work,10 panels
with coatings containing different percentages of La(4-
OHCin)3 were subjected to a thermal treatment of
180 �C for 1 h. To understand the processes taking
place at this temperature and to study the effect that
the different concentrations of La(4-OHCin)3 had on
the thermal treatment and the final structure of the
resulting coatings, DSC isotherms at 180 �C were
recorded for coatings with and without inhibitor. It
was observed that in all cases, an exothermic peak
appeared from the very beginning, but with increasing
concentrations of La(4-OHCin)3 in the coating, the
intensity of the peak, which represents the enthalpy
released by the system, decreased and the peaks
became broader. This reduction in the intensity indi-
cated that La(4-OHCin)3 was interfering with the
condensation of the Si–O–Si network. This result was
in accordance with the observations from 29Si solid-
state NMR. High concentrations of La(4-OHCin)3

induced internal stresses in the Si–O–Si polymeric
network, preventing the formation of highly dense and
crosslinked networks and resulting in the formation of
free volume spaces that created porosity.13

Furthermore, these type of rare earth carboxylates,
such as the La(4-OHCin)3 and/or Y(4-OHCin)3 stud-
ied in this work, are temperature sensitive. Indeed,
these rare earth carboxylates are organometallic com-
plexes that may contain water as coordinated ligands
but also water of crystallization.14 This has been
demonstrated by TGA analysis, as the water molecules
were released in different steps.14 Therefore, when
applying a thermal treatment, the inhibitor’s chemical
structure might change by losing some of this water
present in the complex. These water molecules have a
very important role in the solubility of the
organometallic complexes. When one or more water
molecules are released from the complex structure, the
solubility of the corrosion inhibitor decreases and so
does the corrosion inhibition provided by the rare
earth metal carboxylate.15 If the structure of the
complex is modified inside the coating, a poorer
corrosion inhibition may be observed due to unavail-
ability of the rare earth metal complex to leach out of
the coating for active corrosion protection. To prevent
this from happening, this work aims at decreasing the
thermal treatment required for a hybrid organic–
inorganic coating formulation by using amines as
curing agents.

Amines are well known curing agents for epoxy
coatings and the hybrid sol–gel formulations studied in
this work have epoxy group moieties in both the
organic–inorganic silicon alkoxide (GPTMS) and the
organic precursor (DGEBA). It has been found that by
adding an amine such as diethylenetriamine (DETA)
to a hybrid silica-epoxy coating, the curing is cat-
alyzed16,17 and therefore, lower thermal treatments are
needed to densify the final hybrid polymeric network.
Furthermore, by decreasing the temperature of the
thermal treatment or the exposure time when curing
the coatings, energy will be saved, making the coatings
more economical and environmentally friendly.

Many scientists have reported the addition of amine
curing agents for the crosslinking of epoxy or hybrid
silica-epoxy coating systems. Davis et al.16 have shown
by NMR and ATR-FTIR analysis that by incorporat-
ing a stoichiometric amount of DETA into a TEOS-
GPTMS matrix an optimum crosslinking is achieved,
however, no corrosion characterization was performed
in this study. The coatings were cured at RT for 24 h
and when required, the coatings were subjected to an
additional 1 h at 150 �C. In a later study,18 a silica-
epoxy matrix including DGEBA in the formulation
showed a highly reticulated structure of films, resulting
in a barrier layer with high corrosion resistance and a
durability of several weeks in aggressive environment.
However, as pointed out by the authors,18 further
improvement of the structural properties, as well as the
synthesis conditions, was still needed to achieve longer
durability. Another work from the same authors19

showed an improved corrosion resistance (studied
through electrochemical impedance spectroscopy)
after 330 days of immersion in a 3.5 wt% NaCl
solution. These works show excellent and promising
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corrosion results in the field. However, these two works
show coatings synthesis at (70 �C) for long times
(minimum of 4 h) in tetrahydrofuran (THF) and the
authors do not mention the pot-life of the coating
solutions prior to their deposition. In addition, long
curing times were needed (60 �C for 48 h and 100 �C
for 3 h). These are believed to be crucial factors for a
later industrialization of the coatings. Recently, Yang
et al.20 performed a room temperature (RT) hybrid
epoxy-silica synthesis with TEOS and GPTMS, and the
curing agent DETA. They found that the amount of
DETA influenced the thermal stability of the coating
by affecting the production of amorphous silica in the
hybrid coating and concluded that when the ratio
DETA-GPTMS was 1, the prepared hybrid coating
had optimum corrosion protection. However, the
resulting coatings also needed long times to be cured
since they were allowed to dry in an oven at 50 �C for
1 week. In addition, they showed brittleness when
compared to traditional epoxy coatings.

This review shows the need to further study and
optimize the synthesis of silica-epoxy hybrid coatings
with improved corrosion protection. Furthermore, the
coating process in this work aims at investigating
coatings synthesized with a low energy consumption by
using lower temperature for synthesis and lower curing
steps in the coating production. In addition, even if the
effect of amines in epoxy coatings is well known, to the
authors’ best knowledge, they have not been studied
when incorporated in a sol–gel matrix containing rare
earth carboxylates as corrosion inhibitors.

This paper shows the different steps needed to
produce a coating formulation with the incorporation
of corrosion inhibitor, with DETA as curing agent.
Each step is accompanied by detailed characterization
to investigate the impact of each coating component on
the final properties. In a first attempt, both La(4-
OHCin)3 and Y(4-OHCin)3 were added to the hybrid
network. However, La(4-OHCin)3 provoked an un-
wanted reaction, producing a white precipitate at the
bottom of the solution. It was therefore disregarded for
further study, as it could not provide a homogeneous
coating. On the other side, Y(4-OHCin)3 could be
easily incorporated in the coating formulation and
applied to the substrate.

The analytical techniques used for the characteriza-
tion of the different coating formulations were EIS to
determine corrosion resistance and 29Si MAS and 13C
CP MAS NMR and ATR-FTIR to investigate struc-
tural changes, while the viscosity and the thickness of
the coatings were also measured.

Materials and methods

Materials

The solvent n-propanol (>99%) was obtained from
Scharlab, S.L. (Sentmenant, Spain). The silicon alkox-

ide, tetraethyl orthosilicate (TEOS, 98%), was pur-
chased from Acros Organics (Geel, Belgium). The
hybrid organic–inorganic silicon alkoxide (epoxide
functionlized) 3-(glycidyloxypropyl)trimethoxy silane
(GPTMS, 98%), and the organic precursors,
poly(Bisphenol A-co-epichlorohydrin) glycidyl end-
capped (average Mn � 355), and diethylenetriamine
(DETA, 99%), were purchased from Sigma-Aldrich
(Merck, Darmstadt, Germany). All these reagents
were used as received. Sulfuric acid (95–97%) was
acquired from Sharlab (Sentmenat, Barcelona, Spain)
and used to prepare a 0.1 M solution, which acted as
the acid catalyst for the sol–gel reaction taking place.
Yttrium 4-hydroxycinnamate, Y(4-OHCin)3, was syn-
thesized as previously reported.14

S355 J2 + N carbon steel was provided by Arcelor
Mittal (Spain) and had the following chemical compo-
sition: 0.154% C, 1.430% Mn, 0.011% P, 0.04% Ni,
0.02% Si, 0.041% Al, 0.03% Cr, 0.02% other and,
98.25% Fe. The surface of the carbon steel was
subjected to an abrasive SiC grinding paper, grade
P1200 (600 grit) to obtain a consistent finish.

Synthesis of the sols

The synthesis of the sols was carried out by mixing in a
Schott bottle a measured quantity of TEOS and
GPTMS in n-propanol with the slow addition of
0.1 M sulfuric acid. This mixture was heated for 2 h
at 50 �C. After that, P-DGEBA was added to the
Schott bottle and the new mixture was heated an
additional hour at 50 �C under stirring conditions.
After the 3 h heating, the solution was then left stirring
at room temperature for 24 h and subsequently, the
corrosion inhibitor Y(4-OHCin)3 (when in formula-
tion) was incorporated into the solution.

Coating preparation

Four different coatings were obtained (Si-0.5D, Si-1D,
Si-1.5D, and Si-1D_Y) with different amine-H:epoxy
group ratios, corresponding to 0.5, 1 and 1.5, and with
addition or not of Y(4-OHCin)3.

DETA was diluted in n-propanol, added to the
mixtures, and left stirring for 10 min before dip-coating
the substrate into the sol. The coating formulation was
then applied to the substrate by means of a home-made
dip coater with controlled speed (4, 6, 14, 21, 29 and
36 cm/min were used to obtain the desired thickness
and final properties).

Coated panels were then thermally cured for 1 h at
120 �C.

Characterization

The viscosity of the sols was measured by using the
LOVIS 2000 M/ME viscometer, equipped with differ-
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ent capillaries. A capillary with an internal diameter of
1.8 mm was used for this study, which allows viscosity
measurements in the range of 2.5 to 30 mPa.s.

The thickness of the coatings was measured on soda
lime glass using a Dektak 150 contact profilometer.
The coatings were scratched after the thermal treat-
ment, just before their measurement. Five scans were
taken across a 50 mm length scratch. The coating
thickness was determined by measuring the height of
the step.

29Si nuclear magnetic resonance (NMR) spectra
were obtained with a Bruker Avance III 300WB
spectrometer at 7.04 T (59.62 MHz for 29Si NMR).
Magic angle spinning (MAS) was performed at a
spinning rate of 12000 Hz. Spectra were acquired with
1H decoupling and referenced externally to tetra-
methoxy-silane, TMS. The parameters used for the
spectra acquisition were: 300 ppm bandwidth, 4000
scans for the Si coatings, 5 s of relaxation time, and
1024 acquisition points. The analyzed powder was
obtained from sols molded as bulk material left for
gelling for 24 h and treated at the same temperature
and time to the equivalent coatings (120 �C for 1 h). A
fine powder was obtained after crushing them with a
mortar and pestle.

To quantitatively study the effect of DETA and
Y(4-OHCin)3 on the coating formulations, a fit and
peak deconvolution of the 29Si NMR T signal with the
DMFit program21 was conducted while Q results were
not taken into consideration due to the broader and
less intense peaks observed in the spectra.

The degree of polycondensation, of GPTMS s (T)
and TEOS s (Q) were calculated following equations
(1) and (2):

sðTÞ ¼ ðT1 þ 2T2 þ 3T3Þ= 3½ � � 100
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where the building units are represented by the

commonly used T
j
i and Q

j
i notation. This common

notation is further explained in a previous work of the
authors.10

13C cross polarization (CP) MAS solid NMR
experiments were performed to understand the effect
of DETA and Y(4-OHCin)3 on the organic part of the
coatings and to estimate how the curing agent and the
inhibitor affect the chemical structure of the coatings.
The analyzed powder was obtained in the same
manner as for the 29Si NMR measurements.

13C CP MAS spectra were obtained with a Bruker
Avance III 300WB spectrometer at 7.04 T (75.47 MHz
for 13C NMR). Magic angle spinning (MAS) was
performed at a spinning rate of 12000 Hz. Spectra were
acquired with 1H decoupling and were referenced
externally to glycine. The parameters used for the
spectra acquisition were: 300 ppm bandwidth, 4000
scans, 1 s relaxation time, and 2048 acquisition points.

Attenuated total reflectance-Fourier transform in-
frared (ATR-FTIR) spectroscopy was carried out using
a PerkinElmer Frontier spectrometer. Spectra were
acquired using a diamond attenuated total reflectance
(ATR) crystal after 160 scans across the 4000–
650 cm�1 wavenumber range at a resolution of
2 cm�1. Spectrum of Y(4-OHCin)3 powder was also
acquired as reference.

Electrochemical impedance spectroscopy (EIS)
experiments were carried out to study the corrosion
behavior of the coatings over 72 h. Experiments were
performed in a conventional three-electrode electro-
chemical cell comprising the coated/uncoated S355
J2 + N carbon steel as working electrode with a surface
area of 4.91 cm2, a saturated silver/silver chloride
reference electrode and a titanium mesh as the counter
electrode. The electrolyte used was a 0.005 M NaCl
solution, and the experiments were carried out at room
temperature and open to air. The analysis was per-
formed using a BioLogic VMP3 potentiostat controlled
by EC Lab 11.33 software. The impedance spectra
were recorded after 2 min, 2 and 5 h of immersion in
the electrolyte and then every 24 h over a frequency
range of 100 kHz to 10 mHz with 6 or 7 points
measured per decade after monitoring the OCV for
1 min. The amplitude of the sinusoidal perturbation
was 15 mV (root mean square, RMS). At least three
repetitions of each sample were performed to confirm
the reproducibility of the results.

Results and discussion

Effect of DETA and Y(4-OHCin)3 on the thickness
of the coatings

The DETA molecule has 13 hydrogens, 5 of which are
bonded to a nitrogen and therefore are active and can
react to open one epoxy ring.16 Considering that in
these formulations there are 2 molecules containing
epoxy rings, GPTMS (1 epoxy group) and P-DGEBA
(2 epoxy groups) and taking into account their molar
ratios shown in Table 1, the amine-H:epoxy group
ratios studied for formulations Si-0.5D, Si-1D and Si-
1.5D, are 0.5:1, 1:1 and 1.5:1, respectively.

The sol viscosity was measured 24 h after the sol
synthesis, before the addition of the curing agent
(DETA). This sol had a density of 1.03 ± 0.01 g/cm3

and a dynamic viscosity of 13.4 ± 1.1 mPa.s at 25 �C.
The corrosion inhibitor 5 wt% of Y(4-OHCin)3 was
incorporated into the stoichiometric matrix (Si-1D_Y)
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with the aim of improving the corrosion performance
of the coating. This concentration of the corrosion
inhibitor quickly dissolved in the formulation giving
place to a transparent sol. To obtain a coating with a
thickness comparable to the coating control (Si-1D),
the viscosity of this sol was adjusted to 13 mPa.s by
adding more n-propanol to the formulation before the
addition of DETA. The viscosity after the addition of
the curing agent, DETA, was not measured due to the
rapid increase in viscosity that it had on the formula-
tion, which could block the viscometer.

The thicknesses of the derived coatings with differ-
ent concentrations of DETA are shown in Fig. 1. The
thickness of the coating increases with the withdrawal
speed during coating deposition by dipping. Formula-
tions Si-1D and Si-1D_Y are very similar as expected
considering their similar viscosity values. These last
two formulations resulted in the thickest coatings,
while the Si-1.5D formulation gave the thinnest coat-
ing. The addition of amine with ratios above and below
1 (0.5 and 1.5, respectively) relative to the epoxy have
both the effect of decreasing the thickness of the
coatings.

The coatings derived from these formulations were
deposited onto the carbon steel substrate S355 by
dipping at a withdrawal speed of 14 cm/min, with a
resulting thickness of around 6 ± 0.5 lm for formula-

tions Si-0.5D and Si-1D and 5 ± 0.7 lm for formula-
tion Si-1.5D.

Effect of DETA and Y(4-OHCin)3 on the corrosion
properties of the formulations

Figure 2 shows the electrochemical impedance spectra
of the four coating formulations under study and the
steel surface images after the electrochemical analysis
of the coatings. The main objective of this experiment
is to investigate the effect that the curing agent DETA
and the corrosion inhibitor Y(4-OHCin)3 have on the
barrier properties of the coatings. Comparing Figs. 2a
and b, (amine-H:epoxy group ratios of 0.5:1 and 1:1
respectively), it is observed that when there are not
enough hydrogen atoms to react with all the epoxy
groups present in the formulation (0.5:1), the modulus
of the initial low frequency impedance is one order of
magnitude lower (107 vs 108 Ohm cm2) than when the
amine to epoxy ratio is stoichiometric (1:1). The
coating Si-0.5D has only been exposed to the solution
for 72 h whereas coating Si-1D was exposed for 168 h,
after which the modulus of the impedance is still higher
than for coating Si-0.5D after 72 h.

On the other hand, when a higher ratio than
stoichiometric of amine to epoxy is used (1.5:1, Si-
1.5D, Fig. 2c), although the initial performance is
similar to the stoichiometric coating (coating Si-1D),
coating Si-1.5D seems to be taking up water faster, as
the modulus of impedance in the middle frequency
region decreases quicker than in coatings Si.0.5D and
Si-1D with time. This is expected due to the hydro-
philic nature of the unreacted amino groups in the
hybrid coating that plays a role in absorbing moisture.
Both groups collectively contribute to the coating’s
moisture absorption, consequently diminishing its
effectiveness in corrosion protection.20 By comparing
the images of the coating surfaces after the electro-
chemical analysis (Fig. 2), it can be observed that
coating Si-0.5D (Fig. 2e) has several pits after 72 h of
exposure, whereas the surface of coating Si-1D only
shows 2 black protuberances on the surface that seem
to be the result of the coating taking up water (Fig. 2f).
On the other hand, in Fig. 2g (Si-1.5D), the deposition
of corrosion product coming from the surface of the
steel can be observed.

Table 1: Molar ratio of the reagents of each studied formulation

Formulation TEOS GPTMS P-
DGEBA

DETA H2SO4

0.1 M
n-

PropOH
Epoxy
groups

Amine-
H:epoxy

Wt%
inhibitor

Si-0.5D 1 3 1 0.5 8 4 5 0.5 0
Si-1D 1 3 1 1 8 4 5 1 0
Si-1.5D 1 3 1 1.5 8 4 5 1.5 0
Si-1D_Y 1 3 1 1 8 4 5 1 5

Fig. 1: Thicknesses of the different coatings under study
represented against the dipping withdrawal speed
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When Y(4-OHCin)3 was added to the stoichiometric
formulation (Si-1D_Y, Fig. 2d), the spectrum shows
initial barrier properties with low frequency impe-
dances of 108 Ohm cm2. This behavior is similar to the
control coating (Si-1D). However, by comparing the
middle frequency range of both spectra, which is
related to the predisposition of a coating to absorb
water,22 the coating with Y(4-OHCin)3 takes up water
faster.

Another method for comparing the proportion of
defects or disbonded areas of the coatings under study
is the breakpoint frequency method. This method
provides information on the state of the coating during
the EIS measurement. The breakpoint frequency is the
frequency at which the slope of the impedance mod-
ulus changes from �1 to 0 (from capacitive to resistive)
and it is associated with a phase angle of �45�.23 The
higher the breakpoint frequency, the more compro-
mised the coating is. For the control coating (Si-1D),
the breakpoint changes from 1 Hz (0 h) to 100 Hz
(168 h). On the other hand, for the coating containing
the corrosion inhibitor (Si-1D_Y), the breakpoint
varies from 1 Hz (0 h) to 1000 Hz (168 h), which
means that the coating containing the inhibitor has a
bigger area containing defects than the control coating.
This is confirmed by comparing the images of the
coated surfaces after the EIS study (Fig. 2), where it is
observed that the control coating derived from formu-
lation Si-1D has two defects, whereas the coating with
Y(4-OHCin)3 (Si-1D_Y) has several defects all around
the area immersed in the electrolyte. In a previous
work of the authors,10 it was observed that there is an
optimum concentration of rare earth metal carboxylate
as corrosion inhibitor.

The literature reports that amines can react with
rare earth metals forming an amine-Ln complex,
displacing the other ligands and water molecules that
previously could be coordinated to the rare earth
metal.24,25 It is believed that the addition of DETA
into the Si-1D_Y coating displaces the 4-OHCin
groups, and as this is an anodic inhibitor, if it is not
added in optimum concentrations, it promotes pit-
ting.26 However, the addition of higher concentrations
of Y(4-OHCin)3 was not possible as the resultant
solution was not stable and it was not possible to ob-
tain a homogeneous coating out of it.

Effect of DETA and Y(4-OHCin)3
on the chemistry of the formulations

To understand the effect of the different ratios of
amine H:epoxy groups on the chemical structure of the
coatings, NMR and ATR-FTIR analyses were carried
out. Coatings were examined by ATR-FTIR after
deposition on the carbon steel surface to inspect the
ring opening reaction from the epoxy group. Figure 3
shows a diagram of the expected ring opening mech-
anism with DETA as well as the expected final
chemical structure.

As observed in Fig. 4b, the band at around 910 cm�1

corresponding to the C–O stretch9 from the epoxy ring
diminishes in intensity with increasing ratios of amine
H: epoxy, as expected. When comparing the ATR-
FTIR spectra of Si-1D_Y with the one of Y(4-OHCin)3

(Fig. 4a), the main feature to notice is the appearance
of a small band at 1631 cm�1 that is not present in the
Si-1D spectrum. This small peak is characteristic of the
C=C stretch from the carboxylate group present in the
corrosion inhibitor. However, at wavenumbers of
around 1380 cm�1 the symmetric stretch band of the
carboxylate group usually appears, as observed in the
spectrum of the Y(4-OHcin)3 taken as a reference.
This peak is completely missing in the spectrum of the
coating containing the inhibitor, which suggests a
reaction taking place between the amine and the
yttrium carboxylate24,25 in agreement with the results
of the electrochemical data shown above.

29Si MAS and 13C CP MAS solid-state NMR were
carried out to understand the effect that DETA and
the thermal treatment, as well as the addition of Y(4-
OHCin)3, had on the organic and inorganic structure of
the coatings. In this case, the formulations were
prepared in the same way as explained in the exper-
imental procedure; however, the samples were not

bFig. 2: Bode plots with time evolution of S355 polished
surface treated with coatings derived from formulations (a)
Si-0.5D, (b) Si-1D, and (c) Si-1.5D, and (d) Si-1D_Y and the
steel surface images after the electrochemical analysis of
the coatings (e) Si-0.5D, (f) Si-1D, (g) Si-1.5D, and (h) Si-
1D_Y

Fig. 3: Mechanism of ring opening reaction by DETA
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applied by dipping, but were set as blocks. Two blocks
for each formulation were prepared; one was left to gel
for 24 h at room temperature and the other one was
thermally treated at 120 �C for 1 h (same procedure as
for the coatings on the substrate). The blocks treated
for 24 h at room temperature had a volume of around
45 mL, while those treated for 1 h at 120 �C had a
smaller volume (�5 mL) to ensure all the material was
thermally treated for the 1 h.

Figures 5a and b show the 13C CP MAS solid-state
NMR spectra from the bulk materials treated at RT
and at 120 �C respectively, with Fig. 6 showing the
peak signal assignments of these spectra for the main
molecules present in the three formulations under
study. The peaks were normalized with respect to the
peak at � 42 ppm which corresponds to the carbon of
the –CH3 group from the P-DGEBA molecule, as it is
believed that the intensity of these peaks will remain
unchanged due to the relatively stable –CH3 group.

The peaks broaden when the material has been
subjected to the 120 �C thermal treatment. This is a
typical behavior for highly crosslinked networks.16

Focusing on the spectra acquired for the bulk materials

at room temperature (Fig. 5a), it can be observed that
at low amine H:epoxy ratios (0.5:1, formulation Si-
0.5D), the signals corresponding to the epoxy ring
(carbon 3 and carbon 4) are still present, however they
disappear at the stoichiometric ratio (1:1, formulation
Si-1D). The spectrum for the material with higher
amine-H:epoxy ratios (1.5:1, formulation Si-1.5D) is
very similar to the stoichiometric one, the epoxy ring
carbons are not present but in contrast, two peaks at
around 50 and 55 ppm can be observed, which are
thought to be related to unreacted DETA, which
usually appears at chemical shifts of around 41 and
51 ppm.16 They appear slightly shifted due to the
reaction taking place between the –NH groups and the
epoxy rings. At higher chemical shifts the aromatic
carbons are observed (120–160 ppm).

On the other hand, the spectra of the bulk materials
treated at 120 �C (Fig. 5b) show greater differences
between the three formulations. Si-0.5D (0.5:1; amine-
H:epoxy) still shows a peak corresponding to carbon 4,
meaning that the epoxy ring is not fully opened in this
material. Carbon 3 is not clearly seen but this could be
due to the close presence of the broad peak from

Fig. 4: ATR-FTIR of the three coatings after curing at 120 �C for 1 h

Fig. 5: 13C CP MAS solid-state NMR of bulk materials, normalized with respect to the peak at 42 ppm, cured at (a) RT for
24 h and (b) 120 �C for 1 h
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carbon B related to the P-DGEBA molecule. As more
DETA is added, peaks corresponding to carbon 1 and
carbon 2 shift toward higher chemical shifts. These
carbons are attached to a silicon that is also bonded to
a methoxy group (–OCH3) in the GPTMS. After
hydrolysis, the silicon is bonded to a hydroxyl group
(–OH), so due to the differences in the atom’s
environment, these signals shift. The replacement of
a methoxy group for a hydroxyl group will displace the
signal of the carbon closer to the silicon toward higher
chemical shifts, meaning that the formulation with the
highest concentration of DETA is slightly more
hydrolyzed than the other two. DETA is a weak base;
therefore, it can also catalyze the hydrolysis and
condensation reactions taking place in the coating.
Hydrolysis reactions usually proceed by nucleophilic
attack by the oxygen of the water (acid catalysis) or the
oxygen from the hydroxyl groups (base catalysis).
When a base catalyst is in place, the hydrolysis step
typically gets progressively faster, resulting in smaller
but higher branched molecules, whereas in acidic
catalysis reactions, the fastest step is the first hydrolysis
reaction and condensation starts before hydrolysis is
complete, therefore resulting in chain-like structures in
the sol. Thus, this explains why the formulation
containing the highest concentration of DETA is the
one with the highest hydrolysis rate.

13C CP MAS NMR enhances the 13C signals via
their dipolar couplings to 1H. Therefore, quaternary
carbons give lower relative intensities due to the lack
of any directly attached 1H. Their relative intensity is
dependent on the cross polarization of more distant
protons, for which dipolar coupling is weaker. In Fig. 5,
the relative intensity of carbons F and C (quaternary
carbons) increases with the concentration of DETA in
the formulation and with the thermal treatment given
to the bulks which seems to be related to the overall
more rigid structure caused by the higher crosslinking
of the network.

Figure 5 also shows the 13C CP MAS NMR
spectrum from the bulk material derived from formu-
lation Si-1D with 5 wt% Y(4-OHCin)3 [Si-1D_Y]. As
observed, when comparing the 13C solid-state NMR
spectra from the bulk materials cured at RT and at
120 �C, the peaks broaden when the materials have
been subjected to a thermal treatment, which is a
typical behavior observed when polymers cross-
link.16,27 The signals of the spectra are assigned to
the carbons of the structures represented in Figs. 6a
and b.

The main differences between formulations Si-1D
and Si-1D_Y are observed in Fig. 5a (RT) in the signals
observed at 24 and 26 ppm. This is thought to be
related to the environment of carbon 2 that changes

Fig. 6: Molecules structures and carbon assignations of a GPTMS, b P-DGEBA, and c DETA

Fig. 7: Proposed structure of the hybrid silica-epoxy network formed
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with the curing of the bulk materials. Carbon 2 is close
to the silicon atom. As the environment of the silicon
atom changes due to hydrolysis and condensation
reactions, so does the carbon and this can be observed
in a displacement of its chemical shift. When the
inhibitor is added to the formulation, there is a shift
toward higher chemical values (from 24 to 26 ppm). A
substitution of a –OCH3 for a –OSi bond will not have
much effect on the displacement of the peak due to the
similar electronegativity values of carbon and silicon
atoms; however, the replacement of the –OCH3 by
–OH (hydrolysis reaction) shifts the signals toward
higher chemical values. Therefore, the 13C CP MAS

NMR data infers that the addition of Y(4-OHCin)3

favors the hydrolysis reaction in the bulk material
cured at RT. However, after curing at 120 �C (Fig. 5b),
the signals from carbon 2 for both samples are similar,
suggesting that the thermal treatment helps to finalize
the hydrolysis and condensation reactions in a similar
way.

The epoxy ring signals at 52 ppm are still present for
both formulations with and without inhibitor (even in
the spectra taken after the thermal treatment at
120 �C) being more pronounced for the Si-1D_Y
coating, suggesting a slightly lower degree of crosslink-

Fig. 8: 29Si MAS NMR spectra with the peaks fitting of the formulations with amine:epoxy ratios (a) Si-0.5D (0.5:1), (b) Si-1D
(1:1) and, (c) Si-1.5D (1.5:1)

Table 2: Calculation of % T species from the area integration of the peaks

Formulation Amine-H:epoxy T2 [%] T3 [%] s(T)[%] Error [%]

Si-0.5D 0.5 : 1 31.1 68.9 90 1
Si-1D 1 : 1 28.9 71.1 90 4
Si-1.5D 1.5 : 1 36.5 63.5 87 3
Si-1D_Y 1 : 1 58.9 41.1 80 4
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ing. However, the one at 45 ppm is not observed in the
spectrum of the formulations.

Figure 7 shows a schematic representation of the
proposed structure of the final network formed.

29Si solid-state MAS NMR was also performed to
study the effect of DETA concentration in the formu-
lation on the silicon network structure of the materials.
The four spectra for formulations Si-0.5D, Si-1D, Si-
1.5D, and Si-1D_Y cured at 120 �C for 1 h are shown
in Fig. 8. Only T signals were accounted for in the
deconvolution and fitting of the peaks due to the
stronger T signals and the lower signal-to noise ratio
observed in the lower part of the spectra where the Q
signals are present. This low Q signal is due to the
higher concentration of GPTMS with respect to TEOS
in the formulations, as well as the known high
relaxation times required for the high molecular weight
polymeric Q species to give a pronounced peak.10

As observed in Table 2, after the fitting of the T
peaks and application of equations 1 and 2, the T
conversion percentage has been calculated. Consider-
ing the fitting errors for each spectrum they all gave T
conversions of around 90%, thus there is no evidence
that the concentration of DETA in the formulation has
any remarkable effect on the hydrolysis and conden-
sation of the silicon network. It is believed that DETA
does not have a deep impact on the final silicon
structure of the hybrid network as it is added after the
sol–gel reaction has taken place, the sols are dip-coated
only 10 min after the DETA addition due to the quick
increase in viscosity that this curing agent provokes,
and the amine predominantly reacts with the epoxy
rings present in the sol.

Figure 8 also shows the 29Si NMR fitted data of the
Si-1D_Y materials. In this case, it can be observed that
Y(4-OHCin)3 influences the hydrolysis and condensa-
tion of the sol–gel reaction, as the T conversion %
decreases from 90% for Si-1D to 80% with the
incorporation of the yttrium complex [Si-1D_Y]
(Table 2). It seems that the complex is interfering in
the formation of the Si–O–Si polymeric network which
agrees with the observations of the 13C CP MAS NMR
data.

The solid-state NMR data indicate that Y(4-OH-
Cin)3 is interfering in the crosslinking of the polymeric
network in both the organic epoxy ring opening and in
the inorganic hydrolysis and condensation reactions.
This less crosslinked structure could be the reason why
the barrier properties of the coating are reduced when
the rare earth metal complex is included in the coating
formulation. The ATR-FTIR data also suggest an
interaction between the carboxylate group from the
inhibitor and the coating matrix, which could interfere
in the curing process and contribute to the detrimental
effect on the corrosion performance of the coating
(reduced barrier properties).

In a previous work of the authors,10 the addition of
La(4-OHCin)3 was successfully added into a different
hybrid sol–gel formulation giving optimized corrosion
performance, which points out the importance of

studying the effect that each inhibitor may have on
different coating formulations.

Conclusions

A hybrid silica-epoxy formulation has been developed
with an optimized ratio of curing agent/epoxy group.
The effect of the amine on the structure of the
formulation as well as on the barrier properties of
the coating has been studied. Among the different
formulations analyzed, the coating with the stoichio-
metric formulation exhibited the highest barrier prop-
erties.

The inclusion of 5 wt% of the corrosion inhibitor
Y(4-OHCin)3 successfully resulted in the formation of
a stable sol capable of producing a homogenous
coating. However, the presence of Y(4-OHCin)3 had
a detrimental effect on the barrier properties of the
coating, thereby impacting the corrosion protection of
carbon steel. Solid-state NMR data indicated that the
rare-earth carboxylate hindered both the amine-epox-
ide curing reaction and the condensation reactions of
the silicon network.
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