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Abstract: Organic-inorganic hybrids (OIHs) are a type of material that can be obtained using the
sol-gel process and has the advantages of organic and inorganic moieties in a single material.
Polyetheramines have been widely used in the preparation of this type of material, particularly
in combination with epoxy-based alkoxysilanes. Nevertheless, epoxyciclohexylethyltrimethoxysilane
(ECHETMS) is a promising alkoxysilane with an epoxy terminal group that is quite unexplored. In
this work, four novel OIH materials were synthesized using the sol-gel method. The OIHs were
based on Jeffamines® of different molecular weights (D-230, D-400, ED-600, and ED-900), together
with ECHETMS. The materials were characterized using multinuclear solid state NMR, FTIR, BET,
UV/Vis spectroscopy, EIS, and TGA. The influence of the Jeffamine molecular weight and the suit-
ability of these materials to act as a supporting matrix for heteroaromatic probes were assessed
and discussed. The materials show interesting properties in order to be applied in a wide range of
sensing applications.

Keywords: organic-inorganic hybrid; sol-gel; films; synthesis; characterization

1. Introduction

The sol-gel method is a synthetic process that has been used since the 19th century [1].
This method has been widely employed in the production of smart and multifunctional
materials during the past decades [2–5]. Sol-gel materials can have very different properties
due to changes in the used precursors or in the chemical conditions during the synthesis
leading to a wide range of possible applications. This process is a low-temperature pro-
cedure since it requires unexpensive equipment and low energy consumption, which are
interesting features from an industrial approach [6]. Besides that, it is a simple, low-cost
and low environmental impact process.

Sol-gel synthesis is based on the conversion of monomers into a colloidal solution (sol).
This solution can be shaped in the most suitable way, e.g., applied on a substrate or cast
in a mold with desired dimensions, which after undergoing a chemical transformation,
forms an interconnected three-dimensional network (gel) [6,7]. Several factors, such as pH,
temperature, or gelation time, can influence the final solid material. The drying phase of
the gel is the last step and depending on the temperature, the treatment allows obtaining of
xerogels, aerogels, monoliths, or fibers.

Organic-inorganic hybrids (OIHs) are materials that can be obtained using this pro-
cedure [8–10]. These OIHs can join the features of inorganic and organic parts in a single
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matrix [11]. The inorganic part of OIHs is usually based on silicon or transition metal
alkoxides, and organic moieties can change from simple carbon chains to more complex
hydrophobic organic molecules. Moreover, the commercial diversity of available precur-
sors allows to adjust the final chemical, mechanical, or optical properties of the matrices.
When compared with other methods for the development of OIHs, the sol-gel process
shows singular advantages, such as the flexibility and simplicity of the method or the
low-processing temperatures [12].

Among organic precursors used in the synthesis of OIHs are polyetheramines, organic
polymers bearing terminal amine groups that can react with different inorganic precursors.
The reaction between a polyetheramine and an alkoxysilane can yield OIHs that can be used
in the preparation of sol-gel materials, in the form of ureasilicates or aminoalcoholsilicates,
in accordance with the type of bond that is established between the two precursors used.
Jeffamines® are commercial polyetheramines widely used in the synthesis of OIHs, with D
and ED series being among the most common diamines, allowing the reaction with silanes
in a 1:2 stoichiometry [13–15]. D series Jeffamines® are generally based on a polypropylene
glycol (PPG) backbone, whereas ED series are mostly based on a polyethylene glycol
(PEG) backbone.

Amongst the most used alkoxysilanes for OIH preparation are 3-isocyanatepropyltrieth
oxysilane (3-ICPTES), 3-glycidoxypropyltrimethoxysilane (3-GPTMS), or 3-aminopropyltrie
thoxysilane (3-APTES). Epoxyciclohexylethyltrimethoxysilane (ECHETMS) is another in-
teresting alkoxysilane that can be used in the synthesis of this type of material, although
as far as the authors’ knowledge, there are not many materials reported based on such
precursor. In fact, less than a dozen publications have been reported so far on the synthesis
of OIH materials based on this precursor, with applications in the fields of coatings [16,17],
photonics [18,19], and sensors [20]. Nevertheless, this precursor can bring interesting
properties to the final sol-gel matrices mainly due to its cycloalkane nature, which brings
some rigidity to the membrane [21]. Besides that, the epoxy ring is more reactive than in
glycidoxypropyl silanes.

This work reports novel OIH material produced using the sol-gel method, based on
Jeffamines® D-230, D-400, ED-600, ED-900, and ECHETMS. The materials were successfully
synthesized and structurally characterized using multinuclear solid-state NMR and FTIR.
The dielectric properties were assessed using EIS. Thermal degradation was characterized
using TGA. UV/Vis spectroscopy was performed to study the optical properties. The
influence of the Jeffamine molecular weight (MW) and the suitability of these materials to
act as a supporting matrix for doped chemosensors was also approached.

2. Materials and Methods
2.1. Materials

Commercial reagents [2-(3,4-epoxycyclohexyl)ethyl]trimethoxysilane (ECHETMS)
(98%, Sigma-Aldrich, St. Louis, MO, USA), Jeffamines® D-230, D-400, ED-600, ED-900
(Huntsman Corporation, Pamplona, Spain), and solvent acetonitrile (ACN, Fisher Scien-
tific, Loughborough, UK) were used as received. A Millipore water purification system
(Milli-Q®, Merck KGaA, Darmstadt, Germany) was used to obtain high-purity deionized
water (resistivity > 18 MΩ cm).

2.2. Synthesis of OIH Matrices

In a glass container, the different Jeffamines® (1 mmol) were dissolved in 500 µL of
ACN. ECHETMS was then added (2 mmol—molar ratio of 1:2) and the mixture was stirred
for 20 min. After addition of 100 µL of water, a homogeneous solution was obtained. Gels
were then cast into Teflon molds, covered with Parafilm®, and kept in an oven (UNB 200,
Memmert, Buechenbach, Germany) for 15 days at 40 ◦C. The drying step is necessary to
ensure the curing of the film.



Nanomaterials 2023, 13, 2429 3 of 14

2.3. Characterization of OIH Matrices
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The OIHS were characterized using FTIR on a PerkinElmer Spectrum Two instrument
with ATR. The analysis was performed in the range of 500–4000 cm−1 with 32 scans.
Xerogels were applied directly on the ATR crystal.

2.3.2. Nuclear Magnetic Resonance (NMR)

The samples were characterized using solid-state NMR with a Bruker 400 WB spec-
trometer operating at a proton frequency of 400.13 MHz. Magic Angle Spinning (MAS)
NMR spectra were obtained with single pulse or cross polarization (CP) sequence with:
100.48 MHz, contact time 2 ms, decoupling length 5.9 µs, recycle delay: 3 s, 4 k scans—for
13C frequency; 79.48 MHz, contact time 5 ms, decoupling length 6.3 µs, recycle delay: 10 s,
5 k scans—for 29Si frequency; and for single pulse π/6, 200 s and 180 scans. Samples were
packed in 4 mm zirconia rotors that were spun at 6.5 kHz under air flow. Adamantane
and Q8M8 were used as external secondary references. According to the common 29Si
NMR notation, the Si species are labelled Tn: T represents R-SiO3 structural units and n
represents the number of bridging oxygens.

2.3.3. BET

The surface area of the OIH sol-gel materials was determined using the multi-point
Brunauer–Emmet–Teller method (BET, Quantachrome Autosorb AS-1) at −196 ◦C. Before
the analysis, the samples were outgassed in a vacuum at 140 ◦C for 4 h.

2.3.4. Electrochemical Characterization (EIS)

EIS spectra were measured in a Faraday cage, using a potentiostat/galvanostat/ZRA
(Reference 600+, Gamry Instruments, Warminster, PA, USA). EIS measurements were used
to characterize the resistance, electric permittivity, electrical conductivity, and capacitance of
OIH xerogels. The disc films were placed between two Au electrodes (10 mm diameter and
250 µm thickness) according to the procedure already described elsewhere [22]. A 10 mV
(peak-to-peak, sinusoidal) electrical potential within a frequency range from 1 × 106 Hz to
0.01 Hz (10 points per decade) was applied at open circuit potential (OCP). Nyquist plots
displayed the obtained data, fitted with Gamry ESA410 Data Acquisition software (v. 7.8.6).

2.3.5. Thermal Characterization (TGA)

OIH xerogels were characterized using TGA on a SDT Q600 system. A temperature
ramp of 15 ◦C min−1 was used between room temperature and 750 ◦C at a constant
100 mL min−1 nitrogen flux. The mass used for each sample ranged between 20 and 30 mg.

2.3.6. Optical Characterization (UV/Vis Spectroscopy)

UV–Vis transmittance spectra for the new OIH films were obtained with a Shimadzu
UV-2501 PC spectrophotometer, in the range of 200–800 nm.

3. Results and Discussion
3.1. Synthesis of Organic-Inorganic Hybrid (OIH) Films

The synthesis of the novel OIH sol-gel materials started with the dissolution of the
1 mmol of the different Jeffamines in 500 µL of ACN in a glass container. ECHETMS was
added in a molar ratio of Jeffamine 1:2 ECHETMS. The solution was then stirred for 20 min
until a homogeneous mixture was obtained. Water was added to start the hydrolysis of
the sol and 10 min later, the mixtures were casted into Teflon molds and kept in oven for
15 days at 40 ◦C. Figure 1 details the synthesis steps.

The four new materials were based on ECHETMS and Jeffamines of different molecular
weights (vide Figure 2). The hybrids were identified as ACH (Jeff. MW), with ACH standing
for the aminociclohexanol group that was formed. A(230) and A(400) matrices are based
on D-series Jeffamines D-230 and D-400, respectively, while A(600) and A(900) matrices are
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based on ED-series Jeffamines ED-600 and ED-900, respectively. The D-series Jeffamines
are diamines with a polypropylene glycol (PPG) backbone, while ED-series Jeffamines are
diamines with a predominantly polyethylene glycol (PEG) backbone. Carbon atoms were
numbered for the sake of simplicity in the analysis.

Nanomaterials 2023, 13, x FOR PEER REVIEW 4 of 15 
 

 

of the sol and 10 min later, the mixtures were casted into Teflon molds and kept in oven 
for 15 days at 40 °C. Figure 1 details the synthesis steps. 

 
Figure 1. Synthesis steps of the new OIH sol-gel xerogels. 

The four new materials were based on ECHETMS and Jeffamines of different mo-
lecular weights (vide Figure 2). The hybrids were identified as ACH (Jeff. MW), with 
ACH standing for the aminociclohexanol group that was formed. A(230) and A(400) ma-
trices are based on D-series Jeffamines D-230 and D-400, respectively, while A(600) and 
A(900) matrices are based on ED-series Jeffamines ED-600 and ED-900, respectively. The 
D-series Jeffamines are diamines with a polypropylene glycol (PPG) backbone, while 
ED-series Jeffamines are diamines with a predominantly polyethylene glycol (PEG) 
backbone. Carbon atoms were numbered for the sake of simplicity in the analysis. 

 
 

Figure 1. Synthesis steps of the new OIH sol-gel xerogels.

3.2. Nuclear Magnetic Resonance (NMR)

Solid-state NMR (ssNMR) analysis was performed to structurally characterize the
novel matrices. Figure 3 shows the 13C CPMAS NMR spectra of sol-gel hybrids. The
carbons of the hybrid skeletons are identified in the spectra according to the labelling
previously proposed in Figure 2.
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Figure 3. 13C CPMAS NMR spectra of the new OIH sol-gel matrices.

Starting from the ACH(230) sample, its spectrum shows the presence of all the signals
of the two reagents (Figure S1a,b) with some modifications. In particular, the reaction
between Jeffamine and the silane causes the ECHETMS partial ring opening, proved by the
presence of two new resonances at 69 and 58 ppm (g’, h’), with respect to the original g and
h that fall in the broad resonance at about 51 ppm. The h’ chemical shift, attributable to the
C-N bond, together with the shoulder at 35 ppm, attributable to a slight downfield shift of f,
could support the reaction between the epoxide and the amino groups of the Jeffamine [23].
Moreover, the chemical shift of a at 10 ppm and the absence of a sharp peak (methoxy, i) at
50 ppm speak for fully hydrolyzed and condensed Si units of the ECHETMS.

These findings can be extended to the other samples through the comparison of
the spectra because the higher molecular weights of the Jeffamines hinder a satisfactory
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discussion of the data. In fact, for sample ACH(400), the signals from the Jeffamine moiety
are more significant, due to the higher content of this component. Finally, in the spectra of
samples ACH(600) and ACH(900), the hybrids based on ED-type Jeffamines, the signals of
the PEG units (7,8) dominate the others, as expected.

The 29Si MAS NMR spectra recorded in OIH samples are shown in Figure 4, where the
typical signals of T units (from −50 to −80 ppm) belonging to the trialkoxysilanes present
in the different samples are visible (as reported in the Experimental Section: Tn states for
trifunctional SiCO3 units and n the number of siloxane bridges). The results of the profile
fitting analysis are reported in Table 1. It appears that these OIH samples present only T2

and T3 units, whose resonances fall at −58 and −66 ppm, respectively, and a high value
of the degree of condensation (DOC), always above 94% (Table 1). This parameter was
calculated according to the following equation [24]:

DOC =

(
2T2 + 3T3

)
3
(

T2 + T3
) × 100 (1)
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Table 1. 29Si MAS NMR: chemical shifts, assignments, and relative amounts of silicon species (all
values are reported with a 95% confidence level).

OIH Sample T2 (%) T3 (%) DOC

δ (ppm) −58.3 −66.3

ACH(230) 15.4 84.6 94.9

ACH(400) 15.0 85.0 95.0

ACH(600) 14.6 85.4 95.1

ACH(900) 12.9 87.1 95.7

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) was performed for the four new
materials to complement the structural characterization performed using ssNMR. Figure 5
shows the FTIR spectra for the four aminoalcohol materials. All four spectra show two
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strong bands at around 2850–2860 and 2915–2925 cm−1, characteristic of C–H stretching
vibrations [14,25–28]. These bands are typical of the organic part from the Jeffamine moiety.
The spectra of ACH(230) and ACH(400) show a small peak at around 2970 cm−1, which
is related to C–CH3 asymmetric stretch and is more significant in these two OIHs due to
the higher percentage of PPG units. Regarding C–H bending vibrations, the signals can be
found at 1450, 1375, and 1350 cm−1; the signal at 1375 cm−1 can be assigned to the C–CH3
bond, which is once again more prominent in A(230) and A(400) hybrids.
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The band at 1650–1660 cm−1 can be assigned to the C–NH–C bond bending vibration.
Together with the absence of typical epoxy signals at 3050 cm−1, this confirms the successful
reaction between the terminal amine group of Jeffamine moieties and the epoxy group of
the silane, as previously indicated by the ssNMR results. The peak at around 1250 cm−1 is
associated with C–Si bond symmetric bending [29].

The information that the signals in the 1200–1000 cm−1 range provide is essential since
it is normally independent of the organic moieties linked to silicon [30]. This region can
provide important information regarding the architecture of the siloxane skeleton of the
material [31]. All spectra show the main peak of the spectra at around 1100 cm−1, which
can be assigned to Si–O–Si stretching vibration. Another peak at 1035–1020 cm−1 appears,
with a higher contribution in the OIHs with the lowest Jeffamine MW. According to the
literature [29], with longer siloxane chains, the Si–O–Si absorption stretching vibration band
becomes broader and more complex. In fact, only cage-type materials show simple Si–O–Si
asymmetric stretching vibration bands, while other types of architectural configurations
can show complex and ambiguous bands [32]. The stretching vibrations of Si–O–Si bonds
show two different symmetric and asymmetric modes. This depends on the parallel or
antiparallel displacement of O atoms on the opposite sides of the rings, regarding the
inversion through the ring center [31]. This means the higher energy band can be assigned
to the asymmetric stretching vibration of Si–O–Si bonds, while the lower energy band
regards the symmetric stretching vibration and is not detected in cage-like structures due
to the high symmetry of the polyhedral cage. This allows us to conclude that the hybrids
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with lower MW show less symmetric or random network architectures, while higher MW
contributes to a higher symmetry in the hybrid’s architecture.

3.4. BET

N2 adsorption studies were performed for the four OIH materials. The absorption and
desorption isotherm curves are shown in Figure S2. The values obtained from these graphs
for surface area (SBET), pore volume (Vpore), and diameter (dpore), are summarized in Table 2.
Multi-point BET was used to calculate the surface area. The values ranged between 3.3 and
6.3 m2/g and do not show any correlation with the MW of the Jeffamine used. V-t method
was used to assess the presence of micropores, which were not found in any of the samples.
The BJH method found pore volume values corresponding to mesopores and a pattern is
shown, with decreasing values with the increase in the organic content of the material. Pore
volume was found to be 0.011 cc/g for ACH(230) and 0.007 cc/g for ACH(900). Regarding
pore diameter, three of the materials show a bimodal pore distribution; ACH(900) is the
material that only shows one pore size. Concerning the smaller value of pore diameter,
an increasing value appears with the increase in the MW. Thus, the OIHs with higher
organic content, with more symmetric architectures, show higher pore diameter; however,
smaller pore volume was observed. Nevertheless, these OIH materials show suitability to
be employed as a supporting matrix for doped optical chemosensors, which show generally
sizes in the range of a few nm [33].

Table 2. BET results: surface area SBET, pore volume Vpore, and diameter dpore.

OIH Sample SBET (m2 g−1) Vpore (cc g−1) dpore (nm)

ACH(230) 6.138 0.011 3.9
ACH(400) 4.572 0.009 3.9
ACH(600) 6.286 0.007 3.9
ACH(900) 3.342 0.007 4.4

3.5. Optical Analysis

UV/Vis spectroscopy was performed to assess the optical properties of the materials.
Figure 6 shows the transmittance spectra for the four new OIH materials. All spectra
show a high-transmission region between 350 and 800 nm, as expected for these types of
materials [14,15,26]. It is possible to assess that the transparency is higher in the samples
with the lower Jeffamine MW, which is according to the information already reported in the
literature for OIH materials synthesized with Jeffamine precursors [34]. At 400 nm, the four
xerogels show transmittance values of 56%, 57%, 62%, and 68%, for ACH(900), ACH(600),
ACH(400), and ACH(230), respectively. The transmittance values slightly increase with
higher wavelengths, which is also in agreement with previous reports [9,15,34,35].

The cutoff wavelength (0% transmittance) is around 250 nm for the four materials.
However, a peak at around 300 nm is visible in all spectra, being more prominent in the
OIH with higher MW. This may be explained by the presence of residual solvents that
are entrapped within the crosslinked network [34]. However, it is relevant to mention
that the presence of residual solvent within the hybrid structure does not significantly
affect the properties of the materials synthesized. Yet, no further conclusions can be drawn.
Nevertheless, the obtained results indicate that the OIHs synthesized are suitable for the
development of optical sensing materials in the visible zone, by doping optical organic
chemosensors that show signal changes in that region.
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3.6. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) was performed to assess the dielectric
constants of the new materials. Nyquist plots illustrate the capacitive response for a broad
range of frequencies, and the extracted information (capacitance, conductivity, resistivity,
dielectric permittivity, etc.) allows us to quantify the possible degradation of an OIH sol-gel
material [36–38]. Three measurements were performed in all cases. Figure 7 shows the
Nyquist plot for the four OIHs and the equivalent electrical circuit (EEC) is included as
inset in each figure. Since in all cases, the results do not show ideal behavior (α 6= 1),
Constant Phase Elements (CPEs) were used instead of pure capacitance.
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Regarding ACH(230), the Nyquist Plot show two overlapping semicircles. Therefore,
the EEC used to fit the EIS profile contains two CPEs (CPE1 and CPE2) and two resistances
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(R1 and R2). This is related to the two time-dependent charge relaxation processes. The
sample’s total resistance (Rsample) is the sum of R1 and R2. For the other three samples, the
EEC used for the fitting shows only one resistance and one CPE. When the system shows
this behavior the impedance of a CPE can be defined as [37]:

ZCPE =
Rsample

1 +
[

Q(JW)αRsample

] (2)

Rsample, CPE, and α values, as well as the goodness of the fitting (χ2) are shown
on Table 3.

Table 3. Fitting parameters obtained for the different OIH sol-gel materials.

OIH Films Rsample/Ω cm2 CPE (Q)/S Ω−1 cm−2 α χ2

ACH(230) R1 : 1.43 × 1010 (±1.42%)
R2 : 1.79 × 1010 (±3.46%)

CPE1 : 2.83 × 10−12 (±9.23%)
CPE2 : 1.50 × 10−12 (±8.71%)

α1 : 0.969
α2 : 0.960 4.02 × 10−3

ACH(400) 3.32 × 107 (±0.52%) 1.35 × 10−12 (±1.90%) 0.965 4.18 × 10−4

ACH(600) 4.67 × 107 (±0.51%) 4.40 × 10−12 (±2.16%) 0.988 6.67 × 10−4

ACH(900) 9.27 × 104 (±0.62%) 4.46 × 10−12 (±7.26%) 0.918 8.26 × 10−5

Table 3 shows that the resistance values decrease considerably with the increase
in the Jeffamine MW. For ACH(230), the sum of the two R values yields a Rsample of
3.22 × 1010 Ω cm2, while for ACH(900), the value is 9.27 × 104 Ω cm2. CPE values are all
in the same magnitude order (10−12). The values from Table 3, were used to obtain the
effective capacitance (Ceff) by using the Brug et al. relationship [36,39,40]:

Ce f f =
[

QRsample
1−α
]1/α

(3)

The resistance (R) and capacitance (C) values were obtained using Equations (4) and (5),
respectively, with normalization to cell geometry dimensions:

R = Rsample × AAu (4)

C =
Ce f f

AAu
(5)

The relative permittivity (εr) was determined using Equation (6):

εr =

(Ce f f × dsample

ε0

)
× AAu (6)

The conductivity (σ) was determined using Equation (7):

σ =

dsample
AAu

Rsample
(7)

AAu stands for the area of the gold electrodes used on each side of the material for the
analysis and dsample stands for the thickness of each film, and ε0 stands for the vacuum
permittivity. All values are shown in Table 4.

According to Table 4, the resistance of the materials shows a decrease with the in-
crease in the Jeffamine MW. This behavior is according to the literature when this type
of polyetheramine was used in OIH synthesis [13]. Moreover, it is possible to assess that
the use of ECHETMS instead of GPTMS does not change this feature. C values are all
in the same magnitude order (pF cm2). This presents a small difference when compared
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to GPTMS-based aminoalcohols [13], which showed C values in the order of 10 pF cm2.
This may indicate that the presence of the cyclic ring from ECHETMS may reduce the
capacitance value of the final OIH. Conductivity values (σ) show the same pattern as
resistance values, with a big decrease with the increase in the MW, which is also according
to the literature [13]. Regarding εr values, the results are between 2.60 and 8.74 and no clear
pattern was found linked to the Jeffamine MW.

Table 4. Electrical and dielectric properties of the OIH samples for the new OIH.

OIH Sample log R/Ω cm2 C/pF cm2 εr −log σ/S cm−1

ACH(230) 10.40 ± 0.07 5.15 ± 0.06 8.74 ± 0.10 11.23 ± 0.04
ACH(400) 7.45 ± 0.03 1.31 ± 0.18 2.60 ± 0.35 8.21 ± 0.06
ACH(600) 7.52 ± 0.30 4.99 ± 0.64 6.09 ± 0.79 8.48 ± 0.37
ACH(900) 4.86 ± 0.04 2.08 ± 0.81 2.85 ± 1.11 5.78 ± 0.12

3.7. Thermogravimetric Analysis

Figure 8 shows TGA and DTGA traces for the four OIH matrices. Table 5 shows the 5%
weight loss temperature (T5), the temperature of the maximum rate of weight loss (Tmax),
the activation energy (EA), and char yield for the four materials, obtained by the TGA and
DTGA graphs. Below 150 ◦C, it is possible to see a small degradation process related to the
evaporation of residual water that was still entrapped within the matrix. The weight loss is
clearer in ACH(900), which is also confirmed by the T5 comparison, which decreases with
the increase in the MW and is particularly lower for ACH(900) (134 ◦C).
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Table 5. Five percent weight loss temperature (T5), the temperature of the maximum rate of weight
loss (Tmax), and char yield for the OIH films (data obtained from the TGA and DTGA traces).

OIH Sample T5 (◦C) Tmax (◦C) EA (kJ mol−1) Char Yield (%)

ACH(230) 362 397/497 419/100 30.0

ACH(400) 308 413/501 169/43 24.6

ACH(600) 307 403/493 198/18 19.3

ACH(900) 134 397/482 125/2 12.9
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The main degradation processes for the four materials occur between 350 and 550 ◦C.
These results are in agreement with the literature, that reports the major degradation pro-
cesses in amino-alcohol-based OIH materials between 350 and 500 ◦C [34,41–44]. Two degra-
dation processes can be seen in the DTGA traces around 400 ◦C and 500 ◦C, with different
percentages of each depending on the Jeffamine MW. Namely, the second degradation pro-
cess (at around 500 ◦C) is more intense for ACH(230) and decreases with the increase in the
MW. The first degradation process can be assigned to the depolymerization of the Jeffamine
moiety and condensation of residual Si–OH groups [43]. The degradation process around
500 ◦C can be related to the cleavage of Si–C bonds and to the total oxidation of the organic
components, that yields silica/carbon composites. Due to the higher organic content in
the material, the OIHs with higher Jeffamine MW show a higher contribution of the first
degradation process. This is also correlated by Char Yield values, which are associated with
the remaining silica composites and are higher in the lower MW hybrids due to the higher
inorganic content. Activation energy (EA) values were calculated through the Arrhenius
equation [45]. The results show high EA values for the first degradation process (all above
125 kJ/mol), particularly for ACH(230), which showed an EA value of 419 kJ/mol for this
degradation process. There are no significant changes on the Tmax values between the four
materials. Besides, below 300/350 ◦C the materials can be considered thermally stable.

4. Conclusions

In this work, four new OIH xerogels, produced via the sol-gel route, are reported
for the first time. These materials were successfully synthesized using the precursors
silane ECHETMS and the Jeffamines® D-230, D-400, ED-600, and ED-900. The materials
were structurally characterized using NMR and FTIR, which confirmed the successful
reactions between the precursors and the condensation of the alkoxy groups, with DOC
values above 94%. Several techniques were used to assess the suitability of these new
OIHs as a supporting matrix for doped chemosensors. BET allows the conclusion that
the size pore range of the synthesized OIHs matrices is suitable to be doped with organic
chemosensors. The UV/Vis spectroscopy showed that the reported OIHs are suitable for
the development of optical sensing materials in the visible zone. The dielectric properties
of the OIH materials were assessed using EIS, and these seem to be promising for sensing
applications. However, further studies need to be conducted according to the environment
chosen. Thermal degradation was characterized using TGA, which allows the conclusion
that these materials can only be applied in a temperature ranging from 20 ◦C to 350 ◦C. In
the end, it can be concluded that these materials showed promising properties to be used
as a supporting matrix for doped chemosensors in a wide range of applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13172429/s1, Figure S1: 13C NMR spectra of the precursors in
CDCl3 (whose resonance is a triplet at 77 ppm). (a) ECHETMS (b) D-230 (c) D-400 (d) ED-600 (e) ED-900;
Figure S2: N2 adsorption and desorption isotherm curves for the four OIH materials: (a) ACH(230);
(b) ACH(400); (c) ACH(600); (d) ACH(900).

Author Contributions: Conceptualization: R.P.C.L.S., R.B.F., M.M.M.R. and S.P.G.C.; Formal analysis:
R.P.C.L.S., R.B.F., M.M.M.R., S.P.G.C., E.C. and S.D.; Funding acquisition: R.B.F., M.M.M.R. and
S.P.G.C.; Methodology: R.P.C.L.S., R.B.F., M.M.M.R. and S.P.G.C.; Investigation: R.P.C.L.S. and E.C.;
Writing—original draft preparation: R.P.C.L.S., E.C. and S.D.; Writing—review and editing: R.P.C.L.S.,
R.B.F., M.M.M.R. and S.P.G.C.; Project administration: R.B.F., M.M.M.R. and S.P.G.C.; Resources:
R.B.F., M.M.M.R. and S.P.G.C.; Supervision: R.B.F., M.M.M.R. and S.P.G.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Fundação para a Ciência e Tecnologia (FCT) and FEDER
(European Fund for Regional Development)-COMPETE-QRENEU for financial support through the
Chemistry Research Centre of the University of Minho (Ref. CQ/UM (UID/QUI/00686/2019 and
UID/QUI/00686/2020), project “SolSensors—Development of Advanced Fiber Optic Sensors for
Monitoring the Durability of Concrete Structures”, reference POCI-01-0145-FEDER-031220, and a

https://www.mdpi.com/article/10.3390/nano13172429/s1
https://www.mdpi.com/article/10.3390/nano13172429/s1


Nanomaterials 2023, 13, 2429 13 of 14

PhD grant to R.P.C.L. Sousa (SFRH/BD/145639/2019). The NMR spectrometer Bruker Avance III
400 is part of the National NMR Network (PTNMR) and are partially supported by Infrastructure
Project No 022161 (co-financed by FEDER through COMPETE 2020, POCI and PORL and FCT
through PIDDAC).

Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: Miguel Azenha (UM/ISISE) is acknowledged for hismaking available the Ther-
mogravimetric equipment. Cátia Azenha and Adélio Mendes (FEUP/Lepabe) are acknowledged for
performing the N2 physisorption measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kistler, S.S. Coherent Expanded Aerogels and Jellies. Nature 1931, 127, 741. [CrossRef]
2. Schmidt, H. New Type of Non-Crystalline Solids between Inorganic and Organic Materials. J. Non-Cryst. Solids 1985, 73, 681–691.

[CrossRef]
3. Hench, L.L.; West, J.K. The Sol-Gel Process. Chem. Rev. 1990, 90, 33–72. [CrossRef]
4. Brinker, C.J.; Scherer, G.W. Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing, 1st ed.; Academic Press: Amsterdam,

The Netherlands, 2013.
5. Sakka, S. Birth of the Sol-Gel Method: Early History. J. Sol-Gel Sci. Technol. 2022, 102, 478–481. [CrossRef]
6. Figueira, R.B.; Sousa, R.P.C.L.; Silva, C.J.R. Multifunctional and Smart Organic–Inorganic Hybrid Sol-Gel Coatings for Corrosion

Protection Applications. In Advances in Smart Coatings and Thin Films for Future Industrial and Biomedical Engineering Applications;
Elsevier: Amsterdam, The Netherlands, 2020; pp. 57–97.

7. Pierre, A.C. Applications of Sol-Gel Processing. In Introduction to Sol-Gel Processing; Pierre, A.C., Ed.; The Kluwer International
Series in Sol-Gel Processing: Technology and Applications; Springer: Boston, MA, USA, 1998; pp. 347–386. [CrossRef]

8. Wen, J.; Wilkes, G.L. Organic/Inorganic Hybrid Network Materials by the Sol−gel Approach. Chem. Mater. 1996, 8, 1667–1681.
[CrossRef]

9. Carlos, L.D.; de Zea Bermudez, V.; Sá Ferreira, R.A.; Marques, L.; Assunção, M. Sol−gel Derived Urea Cross-Linked Organically
Modified Silicates. 2. Blue-Light Emission. Chem. Mater. 1999, 11, 581–588. [CrossRef]

10. Figueira, R.B.; Silva, C.J.R. Application of Sol-Gel Method to Synthesize Organic–Inorganic Hybrid Coatings to Minimize
Corrosion in Metallic Substrates. In Hybrid Organic-Inorganic Interfaces; John Wiley & Sons, Ltd.: New Jersey, NJ, USA, 2017; pp.
355–412. [CrossRef]

11. Ikake, H.; Hara, S.; Shimizu, S. Skillful Control of Dispersion and 3D Network Structures: Advances in Functional Organic–
Inorganic Nano-Hybrid Materials Prepared Using the Sol-Gel Method. Polymers 2022, 14, 3247. [CrossRef]

12. Catauro, M.; Vecchio Ciprioti, S. Sol-Gel Synthesis and Characterization of Hybrid Materials for Biomedical Applications. In
Thermodynamics and Biophysics of Biomedical Nanosystems: Applications and Practical Considerations; Demetzos, C., Pippa, N., Eds.;
Series in BioEngineering; Springer: Singapore, 2019; pp. 445–475. [CrossRef]

13. Figueira, R.B.; Silva, C.J.; Pereira, E.V.; Salta, M.M. Alcohol-Aminosilicate Hybrid Coatings for Corrosion Protection of Galvanized
Steel in Mortar. J. Electrochem. Soc. 2014, 161, C349–C362. [CrossRef]

14. Sousa, R.P.C.L.; Figueira, R.B.; Gomes, B.R.; Costa, S.P.G.; Azenha, M.; Pereira, R.F.P.; Raposo, M.M.M. Organic-Inorganic Hybrid
Sol-Gel Materials Doped with a Fluorescent Triarylimidazole Derivative. RSC Adv. 2021, 11, 24613–24623. [CrossRef]

15. Gomes, B.R.; Figueira, R.B.; Costa, S.P.G.; Raposo, M.M.M.; Silva, C.J.R. Synthesis, Optical and Electrical Characterization of
Amino-Alcohol Based Sol-Gel Hybrid Materials. Polymers 2020, 12, 2671. [CrossRef]

16. Li, C.; Wilkes, G.L. Silicone/Amine Resin Hybrid Materials as Abrasion Resistant Coatings. Chem. Mater. 2001, 13, 3663–3668.
[CrossRef]

17. Chattopadhyay, D.K.; Raju, K.V.S.N. Structural Engineering of Polyurethane Coatings for High Performance Applications. Prog.
Polym. Sci. 2007, 32, 352–418. [CrossRef]

18. Moon, I.K.; Chun, H. High Transparent Thermal Curable Hybrid Polycarbonate Films Prepared by the Sol-Gel Method. J. Sol-Gel
Sci. Technol. 2009, 52, 49–55. [CrossRef]

19. Matsukawa, K.; Matsuura, Y.; Nakamura, A.; Nishioka, N.; Motokawa, T.; Muraswe, H. Preparation of Organic-Inorganic Hybrids
by Cationic Photopolymerization of Fluorene Diglycidyl Ether. J. Photopolym. Sci. Technol. 2006, 19, 89–92. [CrossRef]

20. Rabinovich, L.; Lev, O. Sol-Gel Derived Composite Ceramic Carbon Biosensors. In Novel Approaches in Biosensors and Rapid
Diagnostic Assays; Liron, Z., Bromberg, A., Fisher, M., Eds.; Springer: Boston, MA, USA, 2001; pp. 111–125. [CrossRef]

21. Serra, A.; Ramis, X.; Fernández-Francos, X. Epoxy Sol-Gel Hybrid Thermosets. Coatings 2016, 6, 8. [CrossRef]
22. Figueira, R.; Callone, E.; Silva, C.; Pereira, E.; Dirè, S. Hybrid Coatings Enriched with Tetraethoxysilane for Corrosion Mitigation

of Hot-Dip Galvanized Steel in Chloride Contaminated Simulated Concrete Pore Solutions. Materials 2017, 10, 306. [CrossRef]
[PubMed]

https://doi.org/10.1038/127741a0
https://doi.org/10.1016/0022-3093(85)90388-6
https://doi.org/10.1021/cr00099a003
https://doi.org/10.1007/s10971-021-05640-9
https://doi.org/10.1007/978-1-4615-5659-6_9
https://doi.org/10.1021/cm9601143
https://doi.org/10.1021/cm980373n
https://doi.org/10.1002/9783527807130.ch8
https://doi.org/10.3390/polym14163247
https://doi.org/10.1007/978-981-13-0989-2_13
https://doi.org/10.1149/2.103406jes
https://doi.org/10.1039/D1RA03997K
https://doi.org/10.3390/polym12112671
https://doi.org/10.1021/cm0101024
https://doi.org/10.1016/j.progpolymsci.2006.05.003
https://doi.org/10.1007/s10971-009-1993-3
https://doi.org/10.2494/photopolymer.19.89
https://doi.org/10.1007/978-1-4615-1231-8_8
https://doi.org/10.3390/coatings6010008
https://doi.org/10.3390/ma10030306
https://www.ncbi.nlm.nih.gov/pubmed/28772667


Nanomaterials 2023, 13, 2429 14 of 14

23. Hakimi, M.; Mardani, Z.; Moeini, K.; Mohr, F.; Fernandes, M.A. Palladium, Cadmium and Mercury Complexes of 2-((2-((2-
Hydroxyethyl)Amino)Ethyl)Amino)Cyclohexanol: Synthesis, Structural, Spectral and Solution Studies. Polyhedron 2014, 67, 27–35.
[CrossRef]

24. Borovin, E.; Callone, E.; Ceccato, R.; Quaranta, A.; Dirè, S. Adsorptive Properties of Sol-Gel Derived Hybrid Organic/Inorganic
Coatings. Mater. Chem. Phys. 2014, 147, 954–962. [CrossRef]

25. Coates, J. Interpretation of Infrared Spectra, a Practical Approach. In Encyclopedia of Analytical Chemistry; American Cancer Society:
Atlanta, GA, USA, 2006. [CrossRef]

26. Sousa, R.P.C.L.; Figueira, R.B.; Gomes, B.R.; Sousa, S.; Ferreira, R.C.M.; Costa, S.P.G.; Raposo, M.M.M. Hybrid Sol-Gel Matrices
Doped with Colorimetric/Fluorimetric Imidazole Derivatives. Nanomaterials 2021, 11, 3401. [CrossRef] [PubMed]

27. Vertuccio, L.; Guadagno, L.; D’Angelo, A.; Viola, V.; Raimondo, M.; Catauro, M. Sol-Gel Synthesis of Caffeic Acid Entrapped in
Silica/Polyethylene Glycol Based Organic-Inorganic Hybrids: Drug Delivery and Biological Properties. Appl. Sci. 2023, 13, 2164.
[CrossRef]

28. Abou Hammad, A.B.; Mansour, A.M.; Elhelali, T.M.; El Nahrawy, A.M. Sol-Gel/Gel Casting Nanoarchitectonics of Hybrid
Fe2O3–ZnO/PS-PEG Nanocomposites and Their Optomagnetic Properties. J. Inorg. Organomet. Polym. 2023, 33, 544–554.
[CrossRef]

29. Arkles, B.; Larson, G. Silicon Compounds: Silanes & Silicones, 3rd ed.; Gelest Inc.: Morrisville, PA, USA, 2013.
30. Brown, J.F., Jr. The Polycondensation of Phenylsilanetriol. J. Am. Chem. Soc. 1965, 87, 4317–4324. [CrossRef]
31. Dirè, S.; Borovin, E.; Ribot, F. Architecture of Silsesquioxanes. In Handbook of Sol-Gel Science and Technology; Klein, L., Aparicio, M.,

Jitianu, A., Eds.; Springer: Cham, Switzerland, 2016; pp. 1–34. [CrossRef]
32. Park, E.S.; Ro, H.W.; Nguyen, C.V.; Jaffe, R.L.; Yoon, D.Y. Infrared Spectroscopy Study of Microstructures of Poly(Silsesquioxane)s.

Chem. Mater. 2008, 20, 1548–1554. [CrossRef]
33. Krämer, J.; Kang, R.; Grimm, L.M.; De Cola, L.; Picchetti, P.; Biedermann, F. Molecular Probes, Chemosensors, and Nanosensors

for Optical Detection of Biorelevant Molecules and Ions in Aqueous Media and Biofluids. Chem. Rev. 2022, 122, 3459–3636.
[CrossRef] [PubMed]

34. Moreira, S.D.F.C.; Silva, C.J.R.; Prado, L.A.S.A.; Costa, M.F.M.; Boev, V.I.; Martín-Sánchez, J.; Gomes, M.J.M. Development of New
High Transparent Hybrid Organic-Inorganic Monoliths with Surface Engraved Diffraction Pattern. J. Polym. Sci. Part B Polym.
Phys. 2012, 50, 492–499. [CrossRef]

35. de Zea Bermudez, V.; Carlos, L.D.; Alcácer, L. Sol−gel Derived Urea Cross-Linked Organically Modified Silicates. 1. Room
Temperature Mid-Infrared Spectra. Chem. Mater. 1999, 11, 569–580. [CrossRef]

36. Hirschorn, B.; Orazem, M.E.; Tribollet, B.; Vivier, V.; Frateur, I.; Musiani, M. Determination of Effective Capacitance and Film
Thickness from Constant-Phase-Element Parameters. Electrochim. Acta 2010, 55, 6218–6227. [CrossRef]

37. Jorcin, J.-B.; Orazem, M.E.; Pébère, N.; Tribollet, B. CPE Analysis by Local Electrochemical Impedance Spectroscopy. Electrochim.
Acta 2006, 51, 1473–1479. [CrossRef]

38. Barsoukov, E.; Macdonald, J.R. (Eds.) Impedance Spectroscopy: Theory, Experiment, and Applications, 3rd ed.; Wiley: Hoboken, NJ,
USA, 2018.

39. Brug, G.J.; van den Eeden, A.L.G.; Sluyters-Rehbach, M.; Sluyters, J.H. The Analysis of Electrode Impedances Complicated by the
Presence of a Constant Phase Element. J. Electroanal. Chem. Interfacial Electrochem. 1984, 176, 275–295. [CrossRef]

40. Córdoba-Torres, P.; Mesquita, T.J.; Devos, O.; Tribollet, B.; Roche, V.; Nogueira, R.P. On the Intrinsic Coupling between Constant-
Phase Element Parameters α and Q in Electrochemical Impedance Spectroscopy. Electrochim. Acta 2012, 72, 172–178. [CrossRef]

41. José, N.M.; de Almeida Prado, L.A.S.; Schiavon, M.A.; Redondo, S.U.A.; Yoshida, I.V.P. Partially Pyrolyzed Poly(Dimethylsiloxane)-
Based Networks: Thermal Characterization and Evaluation of the Gas Permeability. J. Polym. Sci. Part B Polym. Phys. 2007, 45,
299–309. [CrossRef]

42. De Prado, L.A.S.A.; Torriani, I.L.; Yoshida, I.V.P. Poly(n-Alkylsilsesquioxane)s: Synthesis, Characterization, and Modification with
Poly(Dimethylsiloxane). J. Polym. Sci. Part A Polym. Chem. 2010, 48, 1220–1229. [CrossRef]

43. Figueira, R.B.; Silva, C.J.R.; Pereira, E.V. Hybrid Sol-Gel Coatings for Corrosion Protection of Galvanized Steel in Simulated
Concrete Pore Solution. J. Coat. Technol. Res. 2016, 13, 355–373. [CrossRef]

44. Krupinski, K.; Wagler, J.; Brendler, E.; Kroke, E. A Non-Hydrolytic Sol-Gel Route to Organic-Inorganic Hybrid Polymers: Linearly
Expanded Silica and Silsesquioxanes. Gels 2023, 9, 291. [CrossRef]

45. Saikia, P.; Allou, N.B.; Borah, A.; Goswamee, R.L. Iso-Conversional Kinetics Study on Thermal Degradation of Ni-Al Layered
Double Hydroxide Synthesized by ‘Soft Chemical’ Sol-Gel Method. Mater. Chem. Phys. 2017, 186, 52–60. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.poly.2013.08.065
https://doi.org/10.1016/j.matchemphys.2014.06.042
https://doi.org/10.1002/9780470027318.a5606
https://doi.org/10.3390/nano11123401
https://www.ncbi.nlm.nih.gov/pubmed/34947750
https://doi.org/10.3390/app13042164
https://doi.org/10.1007/s10904-022-02519-2
https://doi.org/10.1021/ja00947a017
https://doi.org/10.1007/978-3-319-19454-7_119-1
https://doi.org/10.1021/cm071575z
https://doi.org/10.1021/acs.chemrev.1c00746
https://www.ncbi.nlm.nih.gov/pubmed/34995461
https://doi.org/10.1002/polb.23028
https://doi.org/10.1021/cm980372v
https://doi.org/10.1016/j.electacta.2009.10.065
https://doi.org/10.1016/j.electacta.2005.02.128
https://doi.org/10.1016/S0022-0728(84)80324-1
https://doi.org/10.1016/j.electacta.2012.04.020
https://doi.org/10.1002/polb.21053
https://doi.org/10.1002/pola.23885
https://doi.org/10.1007/s11998-015-9751-7
https://doi.org/10.3390/gels9040291
https://doi.org/10.1016/j.matchemphys.2016.10.028

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of OIH Matrices 
	Characterization of OIH Matrices 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Nuclear Magnetic Resonance (NMR) 
	BET 
	Electrochemical Characterization (EIS) 
	Thermal Characterization (TGA) 
	Optical Characterization (UV/Vis Spectroscopy) 


	Results and Discussion 
	Synthesis of Organic-Inorganic Hybrid (OIH) Films 
	Nuclear Magnetic Resonance (NMR) 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	BET 
	Optical Analysis 
	Electrochemical Impedance Spectroscopy (EIS) 
	Thermogravimetric Analysis 

	Conclusions 
	References

