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ABSTRACT
New epoxy-silica hybrid coatings were prepared by a dual process consisting of a
sol-gel process using tetraethoxysilane (TEOS) or 3-glycidyloxypropyl trimethoxysilane
(GPTMS) in the presence of hyperbranched poly(ethyleneimine) with ethoxysilyl
groups at the chain ends (PEI-Si) followed by a homopolymerization of diglycidylether
of bisphenol A (DGEBA) using 1-methylimidazole (1-MI) as anionic initiator. The
influence of the amount of TEOS and GPTMS in the characteristics of the coating was
examined.
Thin transparent films were obtained and their morphology was observed by
transmission electron microscopy (TEM). The hydrolytic condensation was confirmed
by
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Si-NMR studies. Cage-like nanometric structures were formed in case of adding

GPTMS and bigger silica particles on adding TEOS to the formulation. Thermal
stability was evaluated by thermogravimetry and the scratch resistance properties were
also investigated, showing an improvement in resistance to break and to detachment in
all the coatings containing GPTMS.
Keywords
Hyperbranched polymers, epoxy resin, sol-gel, coatings, hybrids.

1. Introduction
Hybrid organic/inorganic nanomaterials have attracted a great deal of attention in
the field of polymer research as well as in industrial applications because their advanced
properties like abrasion and scratch resistance, toughness, mechanical properties, selfhealing or corrosion resistance attributed to the formation of the inorganic particles in
the polymer matrix, while keeping transparency.1,2,3,4
Hybrid materials are usually obtained by the addition of preformed nanoparticles,
the most significant examples being layered silicates, silica nanoparticles or polyhedral
oligomeric silsesquioxane (POSS).5,6,7 In these cases, the homogenous dispersion of the
silica filler in the organic matrix may represent a challenge. An alternative route to
incorporate silica into the polymer matrix is the sol-gel process involving a series of
hydrolysis and condensation reactions under mild conditions starting from hydrolyzable
multifunctional alkoxysilanes as inorganic precursors for forming inorganic domains,
being tetraethoxysilane (TEOS) the most typical one.8,9,10,11,12 Using this route it is
possible to grow an inorganic phase into an organic matrix allowing a fine dispersion of
2

the inorganic phase even at molecular level. Another advantage of the in situ generation
of the inorganic phase is that the addition of a small amount of nanoparticles drastically
increases the viscosity, which is always an important issue in coatings applications
whereas the formulation applied before the sol-gel process still has a low viscosity.13
Hyperbranched polymers (HBP)s have been applied as modifiers in epoxy
thermosets to improve toughness.14,15,16 In the last years, they have been extensively
used because of their special architectures present some advantages over conventional
toughening agents. HBPs help to keep the viscosity of the formulations at a reduced
value due to the lower entanglement caused by the branching, whereas they do not
produce any appreciable decrease in thermomechanical parameters. The highly
branched structures gives access to a large number of functional end groups and thus
allows tailoring the compatibility/reactivity of the HBPs in the resin resulting in
homogeneous or phase separated materials.17,18 Due to the enhancement of the
thermomechanical properties that can be achieved by adding HBPs and the
improvement in nanocomposite processing reached through sol-gel procedures, the
strategy of combining both methodologies was adopted by several authors.19,20,21
Inorganic domains can be generated from organoalkoxy silane precursors with
functional groups (epoxy, amine, etc.), which are used as coupling agents, to react with
organic matrices enabling a good incorporation of inorganic structures into an organic
phase.22,23 In this way, phase separation in organic and inorganic domains can be
prevented by the use of these compounds, being one of the most used in epoxy matrices
3-glycidoxypropyltrimethoxysilane (GPTMS).24 Thus, it seems that the preparation of
multifunctional coupling agents by silylation of the end groups of hyperbranched
polymers can be greatly advantageous to improve the properties of epoxy resins by
generation of silica-like particles by sol-gel process from the alkoxysilane end groups.
Sangermano et al.19 prepared epoxy-silica materials using as inorganic precursor
hyperbranched aromatic-aliphatic polyester modified to different extents at the final
phenol groups by reacting with 3-isocyanatepropyl triethoxysilane. The addition of
ethoxysilyl-modified HBP as a coupling agent allowed the covalent bonding of
inorganic and organic networks. In some cases, TEOS was also added to the
formulation. The authors could clearly demonstrate that the use of the silylated
hyperbranched polymer was advantageous in the formation of transparent films in
contrast to what occurred by applying the same curing procedure without silylated
hyperbranched but adding TEOS as source of silica particles.
3

In our group, we synthesized a triethoxy silylated hyperbranched poly(ethylene
imine) (PEI-Si) which was used in different proportions as inorganic precursor in
diglycidylether of bisphenol A (DGEBA) formulations using 1-methylimidazole as
anionic curing agent.25 The materials obtained were highly transparent and no particles
could be observed by TEM analysis. However, 29Si NMR spectra demonstrated that the
sol-gel processes occurred with the formation of cage-like structures (POSS) with
particle size <10 nm. One of the peculiarities of these hybrid coatings was the increase
in surface hardness due to the presence of silica domains well dispersed in the epoxy
matrix and formulations with intermediate PEI-Si had the highest resistance to
penetration. It has been reported that the incorporation of POSS cages into polymers
improves several properties such as thermal stability, glass transition temperature, flame
and heat resistance and modulus.26
In spite of the good characteristics of the hybrid materials obtained in our
previous study, there was not a clear evidence of a real covalent linkage between PEI-Si
structure (and the POSS cages formed by sol-gel) with the epoxy matrix, which is
usually required to achieve the best mechanical performance in sol-gel thermosets.
Because of that, in the present work we have taken the formulation with DGEBA/PEISi 50:50 w/w as the neat material and we have studied the effect of adding different
proportions of TEOS or GPTMS. The addition of TEOS aims at increasing the particle
size and the addition of GPTMS to enhance the interaction between organic and
inorganic phases. In addition, the presence of a single epoxy group in the GPTMS
structure would produce a looser epoxy network structure. We have also tested if there
is a synergistic effect of adding both silicon precursors to the selected formulation. The
characterization of the materials has been performed by 29Si NMR spectroscopy in solid
state and the morphology of the hybrid was visualized by TEM microscopy. The
mechanical properties of the films were rated by scratch tests.
2. Experimental
2.1 Materials
Polyethyleneimine (PEI) Lupasol®FG (PEI800, 800 g/mol, BASF) was dried
under vacuum before use. 1-Methylimidazole (1-MI) and tetraethyl orthosilicate
(TEOS) were purchased from Sigma-Aldrich and used without further purification.
Chloroform was purchased from Scharlab, dried under CaCl2 and distilled before used.
Diglycidylether of bisphenol A (DGEBA) Araldite GY 240 (EEW = 182 g/eq) was
4

gently provided by Huntsman. Ammonium dihydrogen phosphate (NH4H2PO4), 3isocyanatepropyl triethoxysilane (TESPI) and 3-glycidoxypropyl trimethoxysilane
(GPTMS) were purchased from Acros Organics. Triethoxysilyl modified hyperbranched
poly(ethyleneimine) (PEI-Si) was prepared as described previously25 by reacting
Lupasol and TESPI in chloroform.
2.2 Sample preparation
In all the samples the weight proportion of PEI-Si/DGEBA was 50:50 and 2 phr
of 1-MI in reference to the DGEBA were added. The inorganic precursors TEOS and
GPTMS were added to the formulations in the range between 10 and 40 wt%. The
formulations were coated on glass slides by means of a wire-wound applicator. The solgel process was carried out by thermal treatment at 80ºC for one day in a controlled
highly humid atmosphere (95-98% relative humidity controlled by a saturated solution
of aqueous NH4H2PO4) and was followed by a thermal curing process at 150ºC during 2
h in an oven.
2.3 Characterization techniques
Solution NMR spectra were carried out in a Varian Gemini 400 spectrometer
using CDCl3 as the solvent. For 29Si NMR measurements tetramethylsilane (TMS) was
used as the reference. For
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Si NMR measurements the conditions used were d1=0.4 s

acquisition time = 0.7 s, a number of scans of 3000 and applying an inverse gated
decoupling pulse sequence.
Solid-state
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Si CPMAS NMR spectra were recorded on a Bruker AVANCE III

400 MHz spectrometer WB equipped with wide bore 9.4 T superconducting magnet in
Larmor frequencies of 79.5 MHz. Powdered samples were packed into 4 mm ZrO2
rotors. Chemical shifts are given relative to TMS. NMR spectra were registered using a
CP MAS pulse sequence with an acquisition time of 0.0184 s and 34432 scans using the
following parameters: rotor spin rate 10000 Hz and recycling delay of 5 s. In the
processing of the data exponential apodization with line broadening 40 Hz, FT and
manual phasing and baseline correction were used.
Calorimetric analyses were carried out on a Mettler DSC-822e thermal analyzer.
Samples of approximately 10 mg were placed in aluminum pans under nitrogen
atmosphere. The calorimeter was calibrated using an indium standard (heat flow
calibration) and an indium-lead-zinc standard (temperature calibration). Tgs of the
5

hybrid materials were determined at a heating rate of 30ºC/min after a first scan from 0
to 180ºC followed by cooling at 10ºC/min from 180ºC/min to 0ºC. The error is
estimated to be approximately ± 1 °C.
Thermogravimetric analyses were carried out in a Mettler TGA/SDTA 851e
thermobalance. Samples with an approximate mass of 8 mg were degraded between 30
and 900 ºC at a heating rate of 10 ºC/min in air (100 cm3/min measured in normal
conditions).
The morphology of the different hybrids was analyzed by imaging thin pieces
from the samples. These pieces had a thickness of 60 µm, in a transmission electron
microscope (TEM, JEOL model 1011) with a 0.2 nm resolution.
Scratch test was carried out on a CSM Micro-Combi Tester by using Rockwell 0.1
mm diameter spherical diamond indenter. Progressive scans increasing the normal load
from 10 to 5000 mN were made for a scratch length of 3 mm and at a scratch rate of 60
mm min-1, according to an adaptation of the Test Mode A described by the technical
standard ASTM D 7027. A prescan with a constant and very low load (10 mN) was
carried out in order to record the starting surface profile. At least 5 progressive scans
were performed for each sample with penetration depth (Pd) recording. First and second
critical load values (Lc1 and Lc2) were determined by optical microscopy after scratch
test evaluating the occurrence of the first visible crack on the coating surface and the
detachment of the coating from the glass substrate, respectively.
3. Results and discussion
The synthesis of the triethoxysilylated hyperbranched poly(ethyleneimine) (PEISi) was conducted following the procedure described in a previous work.25 All the
primary and secondary amines were modified by using TESPI. By
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Si NMR

spectroscopy two signals were observed at -45.4 and -45.0 ppm attributable to the silyl
groups attached to the primary and to the secondary amines at the HBP structure.
Scheme 1 shows the idealized structure of the PEI-Si together with the other
compounds used in the formulations.
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Scheme 1. Idealized structure of the ethoxysilylated poly(ethyleneimine) prepared and structure of
the compounds used in the preparation of the hybrid thermosets

3.1. Preparation of films from DGEBA and PEI-Si and TEOS or GPTMS mixtures
The hybrid materials were prepared using the same protocol as the previous
work,25 which is based in two well-known processes: sol-gel and epoxy anionic
homopolymerization. Both processes partially overlapped because of the easy thermal
homopolymerization of epoxides initiated by 1-MI, even at moderate temperatures. 1MI also acts as basic catalyst in the sol-gel process together with tertiary amine groups
located in the PEI-Si structure. The use of acidic conditions is prevented by the basic
character of the HBP.2 It has been reported that sol-gel processes under basic conditions
lead to the formation of particulate inorganic domains, due to the fast rates of
condensation reactions that leads to separation by nucleation and growth mechanism.24
Water dissociates to produce nucleophilic hydroxyl anions in a quick first step. The
hydroxyl anions lead to an SN2 substitution on silicon atom to produce the
corresponding silanol.27
While sol-gel process produces inorganic structures, epoxy homopolymerization
originates the networked organic matrix. The interaction between PEI-Si and the
organic matrix could not be confirmed in the previous study, since all the primary and
secondary groups of PEI were transformed into ureas by reaction with TESPI. Neither
urea groups nor tertiary amines are sufficiently nucleophilic to attack epoxides in an
7

extensively way. However, a partial interaction by hydrogen bonding was foreseeable.
To increase the interaction between both domains, in the present study we have added
GPTMS, which has an epoxy group that can homopolymerize and a methoxysilylated
group that can participate in the formation of cage-like particles with ethoxysilyl groups
from PEI-Si. The addition of TEOS has the aim to create bigger inorganic particles and
to increase the proportion of Si in the materials, reducing the proportion of cage-like
structures, since the higher functionality of TEOS can lead to networked silica particles
and bicontinuous nanocomposites. The addition of TEOS and GPTMS at the same time
aims at obtaining larger particles covalently linked to the epoxy network.
Table 1 collects the composition of all the formulations studied in weight
percentages.
Table 1. Notation and compositions of the formulations studied. All the formulations have 2 phr
of 1-MI in reference to DGEBA.

Formulation

DGEBA

PEI-Si

TEOS

GPTMS

wt
(%)

mol
(%)

wt
(%)

mol
(%)

wt
(%)

mol
(%)

wt
(%)

mol
(%)

Neat

50

96

50

4

-

-

-

-

10% TEOS

45

80.4

45

3.5

10

16.1

-

-

20% TEOS

40

67.5

40

3.1

20

29.4

-

-

30% TEOS

35

56.2

35

2.4

30

41.4

-

-

40% TEOS

30

45

30

2

40

53

-

-

10% GPTMS

45

82.5

45

3.5

-

-

10

14

20% GPTMS

40

71.1

40

3

-

-

20

25.9

30% GPTMS

35

58

35

2.5

-

-

30

39.5

40% GPTMS

30

47.4

30

2

-

-

40

50.6

20% TEOS/
20% GPTMS

30

48

30

2

20

24

20

26

The sol-gel hybrid films were easily prepared by mixing the different proportions
of the components of the formulation and adding 2 phr of 1-MI (parts of amine per
hundred parts of DGEBA) obtaining in all cases homogeneous mixtures. The viscous
8

mixtures were coated on glass slides and then heated for one day at 80 ºC in a controlled
high humidity atmosphere. After sol-gel process the coatings were solid and transparent
and the condensation reaction and the curing of DGEBA were then performed in an
oven at 150 ºC during 2 h. The films obtained after this schedule were hard and
transparent with a light color and without any visible particle at the naked eye (see
Figure 1). The optical quality based on the transparency of the materials prepared
accounts for the formation of small inorganic domains with sizes lower than 400 nm.
Although some shrinkage stress should occur due to the significant volume change
caused by the loss of alcohol and water, no cracks, voids or debonding were observed.

Figure 1. Photographs of the films prepared showing the transparency and appearance. 1 (Neat
material); 2 (40% TEOS) and 3 (40% GPTMS)
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3.2. Characterization of sol-gel condensed films
To confirm the formation of inorganic structures by condensation of silanols, 29Si
NMR studies of the cured samples were registered in the solid state. Figure 2 shows the
29

Si CPMAS NMR spectra of the material obtained from formulations 30% GPTMS

and 30%TEOS.

Figure 2.

29

Si CPMAS-NMR spectra of the hybrid thermosets obtained from formulations 30%

GPTMS and 30% TEOS.

It should be commented that no signals corresponding to the silicon precursors
were observed in any spectra. Both spectra containing GPTMS or TEOS show peaks in
the region of Ti units. For the sample 30% GPTMS the maximum of the T peak is -69
ppm which can be assigned to T3 of cubic cage-like structures according to the reported
by Matejka et al.,28 for sol-gel processes from compounds having trialkoxysilyl groups.
They described that cyclization is a typical feature of the polymerization of
alkoxysilanes. The trifunctionality of the PEI-Si in the 30% TEOS sample also
10

contributes to the formation of T3 units in addition to the Qi units produced according to
the tetrafunctionality of TEOS. However, in the sample with TEOS the maximum of the
peak is shifted to high field in 4 ppm. This fact could be explained by the formation of
linear T3 structures or cages with a high number of silicon atoms per structure because
of the reaction with TEOS. Cubic cage-like structures reduce the valence angles of Si
atoms and consequently the density of positive charge diminishes. Thus, in linear
structures or in bigger cages the internal tension is reduced and the signal would be
high-field shifted.28
The apparition of a shoulder at higher chemical shift in both spectra can be
attributed to the presence of T2 units, with uncondensed silanols or to the incompletely
condensed POSS cages. This shoulder seems to be proportionally more intense for the
TEOS sample. In the spectrum of the material containing TEOS, Q signals can be
observed in the region of 100-120 ppm. The signals are broad and have a bad resolution
but Q3 signals at –106 ppm are more intense than Q4 at -116 ppm, indicating that the
condensation of TEOS has not been completed. The assignment of signals is based on
previously reported results.28,29
3.3 Thermal characterization
Calorimetric studies allowed determining the Tg of the hybrid materials. The
values are collected in Table 2. The Tg of the neat formulation, obtained only from the
ethoxysilyl-modified HBP and DGEBA is of 89 ºC. Assuming that the organic phase
consists mainly of homopolymerized DGEBA, this is a rather low value in comparison
with those reported in the literature.30,31 One must take into account that, during the solgel process, the sample is exposed to a highly humid environment, and that ethanol and
water are released by the hydrolysis and condensation of ethoxysilyl groups. Both
ethanol and water can participate in the anionic homopolymerization of DGEBA as
chain-transfer agents, reducing the crosslinking density and consequently the Tg.32 The
hyperbranched structure of the ethoxysilyl modifier is flexible, but it is assumed that it
is mainly embedded and immobilized into the inorganic domains. However, it might be
that some flexible segments resulting from incomplete hydrolysis and condensation
might have an effect on the organic phase.
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Table 2. Thermal data of the hybrid materials prepared obtained by TGA and DSC

Formulation
(DGEBA/PEI-Si)

Tg a T5% b T1st peak c Tmax d T3rd peak e Residue f Residue g
(ºC) (ºC)

(ºC)

c

(ºC)

(ºC)

(wt%)

(wt%)

Neat

89

254

267

371

562

8.41

9.10

10% TEOS

83

254

268

372

562

10.1

10.27

20% TEOS

82

255

267

371

557

11.08

11.74

30% TEOS

78

254

267

373

562

12.84

13.1

40% TEOS

75

254

266

375

570

13.5

14.24

10% GPTMS

73

252

263

364

560

9.36

9.67

20% GPTMS

68

254

262

365

574

10.26

10.75

30% GPTMS

68

256

258

366

610

11.62

12.30

40% GPTMS

67

259

259

367

610

12.30

13.62

20% TEOS/20% GPTMS 68

257

268

368

576

12.49

13.24

a

Glass transition temperature of the hybrid materials
Temperature of the onset decomposition on TGA data at 10ºC/min taken as the 5% weight loss.
c
Temperature of the maximum rate of the first degradation peak
d
Temperature of the maximum decomposition rate
e
Temperature of the maximum rate of the third degradation peak
f
Experimental residue at 900ºC in air atmosphere
g
Theoretical residue
b

On increasing the proportion of TEOS in the formulation the Tg values slightly
decrease. This result follows the opposite trend to that reported by Sangermano et al.19
They observed an increase of 20 to 45ºC on adding a 30% of TEOS to hyperbranched
silylated modified HBP epoxy formulations. However, a decrease in the Tg was reported
by Matejka et al.33 on adding TEOS to an epoxy-amine formulation. These authors
attributed the reduction in Tg to a non-efficient immobilization of the epoxy network by
silica, due to the low extent of the covalent interfacial bonding. As we will demonstrate
by TEM, the addition of a high proportion of TEOS to the formulation leads to a clear
separation into large inorganic domains, which do not influence greatly the mobility of
the organic network. Finally, as we saw by 29Si-NMR spectroscopy, TEOS is not fully
12

condensed, since Q3 signals seems to be predominant to Q4. The low conversion in the
sol-gel process results in the formation of undercured soft flexible silica/siloxane
domains leading to plasticization of the material resulting in a decrease in the Tg.33
The addition of GPTMS to the formulation also leads to a reduction of the Tg
values much noticeable than on adding similar proportions of TEOS. The replacement
of DGEBA by the monofunctional epoxide GPTMS leads to a decrease in the average
epoxide functionality and a reduction of the epoxy network crosslinking density. In
addition, the flexible structure of GPTMS can cause a certain plasticization. Such
effects lead to the corresponding diminution of the Tg as it was reported previously.33
Sun et al.34 compared the effect of adding micro or nanofillers in epoxy composites and
observed that on increasing the proportion of nanoparticles the Tg of the nanocomposite
is reduced whereas the contrary trend was observed for microparticles. This observation
helps to understand how the formation of a higher proportion of inorganic
nanostructures reduces the Tg as observed. The material obtained from a mixture with a
20% of TEOS and a 20% of GPTMS shows the same Tg than the one measured for the
20% GPTMS material, without any further reduction for the presence of TEOS in the
sample.
The thermal stability of the materials prepared was studied by thermogravimetry.
In Figure 3 the weight loss and the derivative of the degradation curve are represented
for the material 20% TEOS.
It should be commented that all the degradation curves of the materials showed a
similar shape, with three defined processes, but no loss of volatiles was observed at low
temperature which indicates that the condensation of silanol groups was practically
complete.

The

first

degradation

peak

corresponds

to

the

degradation

of

poly(ethyleneimine) structure,31 the second peak to the degradation of the epoxy
network, whereas the third corresponds to the oxidative degradation leading to the loss
of organic matter giving rise to the silicon residue.25
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Figure 3. TGA and DTG curves of the material obtained from the formulation with a 20%TEOS
in air atmosphere.

The data obtained from the degradation curves are collected in Table 2. As we
can see, the addition of TEOS or/and GPTMS to the formulation does not lead to any
effect in the initial temperature of degradation, taken as the 5% of weight loss. The
temperatures of the maximum of the three degradative processes are very similar with
the exception of the temperature of the third peak for samples with GPTMS that shifts
to higher temperatures with the increasing amount of this coupling agent. That could be
explained by the increase in the covalent bonding between organic and inorganic
structures. The residue at 900 ºC as expected increases with the amount of Si in the
material. On comparing the calculated Si content with the experimental residue we can
see that there are not great differences, but the experimental values are slightly lower
than those calculated. It can be related to an incomplete hydrolysis of alkoxide groups
that was reflected in the presence of T2 and Q3 signals in the 29Si NMR spectroscopy.
3.4. TEM analysis
Figure 4 shows the TEM micrographs of some of the hybrid materials prepared.
In the micrographs the difference in the electronic transmission between organic and
inorganic phases allows assign the dark area to the Si particles, covalently connected to
the organic matrix. As in the previous paper,25 in the micrograph of the neat material we
cannot see any appreciable aggregation between inorganic particles in the matrix by the
14

presence of the cage-like structures obtained by sol-gel from ethoxysilylated PEI and
DGEBA. The POSS particles formed are embedded in the epoxy matrix with sizes < 10
nm that rends transparency to the hybrid coating.

Figure 4. TEM micrographs of hybrid materials obtained from different formulations at a magnification
of 120K.

On increasing the proportion of POSS structures the nanodomains become
interconnected and a bicontinuous nanophase-separated morphology can be observed in
the micrograph of the sample 40% of GPTMS which shows a more inhomogeneous
morphology with less-defined boundaries between domains. A similar behavior was
observed in epoxy thermosets modified with POSS end-capped polyesters.35
On adding a proportion of TEOS up to 30% to the formulation, the material
obtained presented no clear evidence of the formation of silica particles and a
morphology similar to the 40%GPTMS material is observed in Figure 4. However, on
increasing the proportion of TEOS up to 40% clear aggregates of silica particles with
particle sizes less than 40 nm can be observed. The material containing 20% of TEOS
and 20 % of GPTMS shows a similar morphology that the one commented for 40%
GPTMS. Although the generation of particles with TEOS or GPTMS is different
because of the tetrafunctionality of the former and the trifunctionality of the latter, the
Si content for both formulations is similar. Thus, it seems that in our systems the
morphology of the material is more dependent on the Si content than on the structure of
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the silica precursor. However, the presence of the PEI-Si structure in all those materials
helps dispersing the particles in the matrix, leading to a more homogeneous distribution.
3.5 Scratch resistance analysis
One of the main ways to improve scratch resistance in organic coatings is to
reinforce them by embedding fillers in the organic matrix. To reach significant
improvements the regular distribution and the dispersion of the particles into the matrix
is crucial. Therefore, to increase scratch resistance, the in situ formation of the inorganic
nanodomains through sol–gel processes has been demonstrated as one of the best
strategies.36 Some of the data extracted from scratch test are collected in Table 3.
Table 3. Data from scratch tests of the hybrid coatings prepared

Pd 1Na

Pd 4Na

Lc1b

Lc2c

(m)

(m)

(mN)

(mN)

Neat

10.1 ± 0.3

31.6 ± 0.2

670

3530

10% TEOS

10.1 ± 0.9

30.7 ± 2.5

800

3000

20% TEOS

10.9 ± 1.7

35.9 ± 6.7

560

3740

30% TEOS

9.8 ± 1.7

28.8 ± 0.7

260

3840

40% TEOS

10.5 ± 1.2

30.5 ± 0.8

430

3730

10% GPTMS

16.3 ± 2.7

46.2 ± 2.2

650

not detected

20% GPTMS

12.4 ± 0.4

39.8 ± 2.6

680

not detected

30% GPTMS

16.1 ± 1.0

45.1 ± 1.1

620

not detected

40% GPTMS

16.2 ± 1.6

48.9 ± 4.1

820

not detected

20% TEOS/20%
GPTMS

11.9 ± 3.6

36.3 ± 8.2

450

not detected

Formulation

a.
b.
c.

Penetration depth values recorded at 1N and 4N of normal load
First critical load
Second critical load

Penetration depth values (Pd) can be considered as an indication of the resistance
to penetration which includes rigidity (modulus) and hardness. These values can be
affected by structural parameters of the organic network structure and inorganic
domains and the lowest values represent the highest resistance to penetration during
16

scratching. From both series of results detected at 1N and 4N of normal load reported in
the table we can see that the presence of TEOS in the hybrid coating keeps the
resistance to penetration in reference to the neat material whereas the addition of
GPTMS reduces this characteristic. The lower functionality of GPTMS could explain
this behavior, since the flexibility increases (that is the modulus decreases) due to a
reduction of crosslinking density as it was noted by the decrease in the Tg.
The scratch behavior of coatings is the result of a complex interrelation among
several parameters and factors such as modulus, strength, friction coefficient, thickness
and viscoelasticity of the coating and its adhesion to the specific substrate.37 The scratch
resistance properties of the hybrid coatings here investigated can be evaluated by first
and second critical load values (Lc1 and Lc2, respectively) reported in Table 3. Lc1
(normal load at which the first crack appears on the surface) can be seen as an indirect
indication of cohesive forces (strength and deformability) in the coating material and
represents the main parameter for the evaluation of the scratch resistance. Lc2 (normal
load at which the detachment of coating from substrate occurs) is an indirect indication
of adhesive forces between coating and substrate. In the present case Lc1 and Lc2 values
are affected by very high values of standard deviation (not reported in table but up to
300 mN in some cases) suggesting a general inhomogeneity of the coating from a
mechanical point of view. In this view, Lc1 values indicate a comparable resistance to
scratch for all the coatings investigated (with the negative exception of 30% TEOS
sample). It has to be noticed that the addition of GPTMS to the formulation leads to
more reliable Lc1 values (lower standard deviation values), which seems to indicate a
more homogeneous material. An optimum Lc1 is achieved with 40 % of GPTMS. More
interestingly, Lc2 values offer a significant differentiation among the different series of
coatings. The presence of TEOS induces a slight improvement of the detachment
resistance of the coatings (with the exception of 10% TEOS sample) while the presence
of GPTMS in the formulation produces an extremely adhesive coating with absence of
detectable second critical load values in the experimental conditions used for the test.
Some representative optical micrographs after scratch test are collected in Figure
5. The presence of a second critical load Lc2 is well evident in the case of Neat and 20%
TEOS coating formulations (Figures 5a and b, respectively) as indicated by the arc
tensile cracks shown to the right part of the scratch. On the contrary, a second critical
load Lc2 is not shown by the system containing GPTMS (Figure 5c).
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Figure 5. Optical micrographs after scratch test of a) Neat, b) 20% TEOS and c) 20% GPTMS materials.

4. Conclusions
The addition of GPTMS to the formulation led to materials with a high
transparency by the formation of cage-like structures that also incorporates the final
groups of the PEI-Si structure. This was confirmed by CPMAS 29Si NMR spectroscopy.
The materials obtained showed a slightly lower Tg due to a reduction in the crosslinking
density of the organic domain. The modified materials presented a similar thermal
stability than the neat formulation although the last thermo oxidative process is delayed,
which was attributed to the covalent linkage of inorganic particles to the epoxy matrix.
The observation of these materials by TEM revealed that nanodomains became
interconnected with the formation of a bicontinuous nanophase-separated morphology.
The penetration depth, measured by scratch tests, increased on increasing the proportion
of GPTMS in the formulation according to a lower rigidity by the reduction in
crosslinking density.
18

When TEOS was added to the formulation, the

29

Si NMR spectra showed, in

addition to T signals, corresponding to cubic-like structures, broad and unresolved Q
signals attributed to complete and incomplete TEOS condensation. Tg values are
slightly reduced by the addition of TEOS. In TEM microscopy the presence of 40%
TEOS in the hybrid material led to the observation of well separated silica particles.
The addition of GPTMS or TEOS to the formulation did not increase the overall
scratch characteristics in reference to the neat material, since cage-like structures were
already produced by the sol-gel condensation of ethoxysilylated PEI. However, the
scratch tests confirmed the higher homogeneity of the materials modified with GPTMS
due to its compatibilizing effect, and showed a clear increase in resistance to break and
detachment upon addition of GPTMS. The incorporation of GPTMS to TEOS
containing formulations allowed to prepare non-detachable coatings.
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