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ABSTRACT: Hybrid organic–inorganic coatings and free-
standing films were prepared and characterized. The hybrids
were prepared from [3-(glycidyloxy)propyl]trimethoxysilane,
diethoxy[3-(glycidyloxy)propyl]methylsilane, poly(oxypro-
pylene)s of different molecular weights end-capped with
primary amino groups (Jeffamines D230, D400, and T403),
and colloidal silica particles with hydrochloric acid as a
catalyst for the sol–gel process and water/propan-2-ol mix-
tures as solvents. The structure evolution during the net-
work formation was followed by NMR spectroscopy and
small-angle X-ray scattering; the surface morphology was
tested by atomic force microscopy. The influence of the

reaction conditions (the organosilicon precursor, oligomeric
amine, ratio of functional groups, and method of prepara-
tion) on the network buildup and product properties was
studied and examined. The mechanical testing, based on
stress–strain experiments, in combination with dynamic me-
chanical thermal analysis served as an effective instrument
for the optimization of the reaction conditions for the prep-
aration of products with desired properties. © 2004 Wiley
Periodicals, Inc. J Appl Polym Sci 92: 937–950, 2004
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INTRODUCTION

New nanocomposite materials with desired mechani-
cal properties can be designed and manufactured if
the heterogeneity on the nanometer scale can be con-
trolled and optimized. Because the molecular-scale
morphology plays an important role in achieving de-
sirable macroscopic properties of molecular and su-
pramolecular assemblies, the synthetic goal is to pre-
pare multiphase microheterogeneous systems with
tunable properties. Organic–inorganic (O–I) hybrid
polymers with an in situ created inorganic phase are
typical examples of promising nanocomposite materi-
als. The modification of the organic matrix with silica–
siloxane domains formed by the sol–gel process of
alkoxysilanes is one of the methods of their prepara-
tion. The resulting structures formed in the sol–gel
process depend on the reaction conditions and vary
from monodisperse silica particles to polymer net-
works.1–8

The production of new materials with specialty
functions requires detailed information on the struc-
ture–property relationship. Designing materials with
well-adjusted properties makes possible their poten-
tial use in industrial applications with specific require-
ments, such as coatings for various kinds of protec-
tion9–13 (scratch-, abrasion-, corrosion-, hydrolytic-,
and oxygen-resistant systems).

Trialkoxysilanes of the formula R�OSiO(OR)3,
where R� is a short hydrocarbon chain bearing an
organic functional group (e.g., epoxy, amino, isocya-
nate, methacryloyl, or vinyl) and R is an alkyl group,
are widely used monomers for the formation of hybrid
O–I products. They can be used, for example, as build-
ing blocks for the formation of highly ordered poly-
hedral oligomeric silsesquioxane (POSS) clusters14,15

and as organosilane coupling agents for ceramic par-
ticle coatings.16,17 [3-(Glycidyloxy)propyl]trimethox-
ysilane (GTMS) is one of the most popular trialkox-
ysilane-type precursors. The sol–gel polymerization
of GTMS, used to form polysilsesquioxanes (SSQO) of
the formula (RSiO3/2)n, depends on the catalysis, sol-
vent, amount of water used, and temperature. It is
well known that under acid catalysis, loose, coil-like
SSQO structures are formed, whereas basic catalysts
promote fast polycondensation leading to compact,
cagelike products.18 These compact SSQO clusters are
produced because of preferred intramolecular con-
densation, and the system finally becomes self-orga-
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nized with (glycidyloxy)propyl groups issuing from
the cluster. The size of the compact cages increases
with increasing temperature and the dilution of the
system.

The reactions and behavior of GTMS in the presence
of colloidal silica particles have been studied by sev-
eral authors.17,19–21 The reaction mechanism is very
complex, and the morphology and properties of the
resulting coatings are considerably influenced by the
method of their preparation. The best properties of
these ceramic-particle-based coatings have been
achieved when the acidic hydrolysis and alkaline
polycondensation of GTMS in the presence of low-
molecular-weight polyamine have been used.21

The topic of this article is the preparation and char-
acterization of coating films (coatings) and free-stand-
ing films (films) made from two different functional-
ized organosilicon precursors and three different
poly(oxypropylene)s end-capped with primary amino
groups. The combination of several starting materials
offers a rich variability of structures and final proper-
ties of the products. The combination of several ana-
lytical methods allows the study of the structure evo-
lution from the pregel stage up to the structure and
properties of the products. The mixed solvent (7:3
w/w water/alcohol) contributes to environmentally
friendly reaction conditions. The influence of the or-
ganosilicon precursor functionality, the length and
functionality of poly(oxypropylene) amines, the ami-
no/epoxy molar ratio, and the presence/absence of
colloidal silica particles on the product structure and
properties have been studied and are discussed.

EXPERIMENTAL

Materials

GTMS (Fluka, Buchs, Switzerland), diethoxy[3-(glyci-
dyloxy)propyl]methylsilane (GMDES; Fluka), Jeffam-
ines D230, D400, and T403 (Huntsman Corp., Hous-
ton, TX), colloidal silica (40% solution in water, dave �
29 nm; Ludox AS-40, Aldrich, Milwaukee, WI), pro-
pan-2-ol (IP, Lachema, Neratovice, Czech Republic),
and 38% hydrochloric acid (Lachema) were used as
received.

A detailed description of the starting materials is
given in Table I.

Preparation of the films and coatings

The films were prepared according to several recipes,
which differed in the reaction time of alkaline poly-
condensation, the time and temperature of thermal
curing, and so forth. The principal preparation steps
were the following. First, the functionalized organo-
silicon precursors (GTMS and GMDES) were mixed
with water, IP, and, in some cases, colloidal silica

particles, and the mixture was stirred at 400 rpm at the
ambient temperature for 24 h. The pH was adjusted to
4 by the addition of dilute HCl. Under these condi-
tions, the acidic hydrolysis step (used in the prepara-
tion of all the products) proceeded. Second, a solution
of the oligomeric amine (50 wt % Jeffamine, 35 wt %
water, and 15 wt % IP) was added, and the reaction
mixture was stirred (400 rpm) at the ambient temper-
ature for up to 2.5 h. Because of Jeffamine, the alka-
linity of the resulting reaction mixture increased to pH
8–9, and alkaline polycondensation took place. Third,
the reaction mixture was spread on glass or modified
polypropylene sheets with a ruler to a constant thick-
ness. The sheets were immediately placed in an oven
and kept at 80 and 105°C (all products) and, in some
cases, 130°C (see Table II for the details). At an ele-
vated temperature, the thermal curing step finalized
the preparation of all the films. All the preparation
recipes (the details of which are given in Tables III–V)
are summarized in Table II.

The following combinations of materials and ratios
were used:

• [GTMS]/[GMDES] � 1:0 to 0:1 (w/w).
• [SiO2]/[GTMS � GMDES] � 0 or 1:3 (w/w).
• Molar ratio r � [NH]/[epoxy] � 0.8–2.5.
• Solvent (7:3 w/w water/IP) weight � 20–80 wt

%.

Methods of characterization

NMR spectroscopy
1H, 13C, and 29Si single-pulse magic-angle-spinning
(MAS) NMR spectra were measured with a Bruke-
r(Karlsruhe, Germany) DSX 200 NMR spectrometer at
frequencies of 39.75, 50.23, and 200.14 MHz for 29Si,
13C, and 1H, respectively. Direct-polarization and
cross-polarization (CP) techniques were used to ac-
quire 13C and 29Si MAS NMR spectra of solid samples
(films) after preparation. The MAS frequency was 4
kHz, and the B1 field intensity (1H and 29Si) was 62.5
kHz. The number of scans for the accumulation of 29Si
CP–MAS NMR spectra was 3600, the repetition delay
was 10 s, and the spin-lock pulse was 2–5 ms.

Dynamic mechanical thermal analysis

The dynamic mechanical properties of the films were
studied with an ARES apparatus (Rheometric Scien-
tific, Piscataway, NJ). The samples (17 mm � 7.5 mm
� 0.1 mm or 30 mm � 10 mm � 0.1 mm) were
measured by oscillatory shear deformation at a con-
stant frequency of 1 Hz and at a rate of heating of
3°C/min to determine the temperature dependence of
the storage shear modulus (G�) and loss shear modu-
lus (G�) from �100 to �100°C.
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Tensile characterization

The static mechanical properties were measured on an
Instron 6025 instrument (Instron Limited, High Wy-
combe, UK). The specimens [25 mm � 6 mm � (0.08
� 0.02) mm] were tested at the laboratory temperature
at a test speed of 3.33 � 10�2 mm/s. All the reported
values are averages of at least five specimens.

Small-angle X-ray scattering (SAXS)

SAXS measurements were performed with an up-
graded Kratky camera with a 60-�m entrance slit and
a 42-cm flight path (A. Paar, Graz, Austria). Ni-filtered
Cu K� radiation (� � 0.154 nm) was used, and it was
monitored with a positron-sensitive detector22 (Joint
Institute for Nuclear Research, Dubna, Russia), the

TABLE I
Description of Materials

Code (concentration of functional groups) Formula

GTMS (cepoxy � 4.23 mequiv/g)

GMDES (cepoxy � 4.03 mequiv/g)

D230 (cNH � 17.39 mequiv/g)

D400 (cNH � 9.26 mequiv/g)

T403 (cNH � 12.82 mequiv/g)
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spatial resolution of which was approximately 0.15 mm.
The intensities were taken in the range of the scattering
vector, q � (4�/�)sin �, from 0.06 to 20 nm�1 (where 2�
is the scattering angle). The measured intensities were
corrected for the sample thickness and transmission, the
primary beam flux, and the sample–detector distance.

Atomic force microscopy (AFM)

All measurements were performed under ambient
conditions with a commercial atomic force microscope
(NanoScope Dimension IIIa, MultiMode Digital In-
struments, Santa Barbara, CA). An Olympus OMCL
TR-400 oxide-sharpened silicon nitride probe for the

contact mode (spring constant � 0.02 N/m) and an
Olympus OTESPA tapping-mode etched silicon probe
(spring constant � 42 N/m, resonant frequency � 270
kHz) for the tapping mode were used. In the contact
mode, the normal force of the tip on the sample was
reduced, and it did not exceed 10 nN.

RESULTS AND DISCUSSION

Polymer network buildup

During the preparation of hybrid O–I products, two
types of polymer network buildup processes are
anticipated. First, inorganic structures are formed
by the sol– gel process. The reactive alkoxy groups
of GTMS and GMDES undergo hydrolytic and poly-
condensation reactions [eqs. (1) and (2)]. Although
the polycondensation of GTMS results in SSQO
branched and crosslinked structures, the GMDES
monomer forms linear polysiloxanes. By the cocon-
densation of these monomers, the crosslinking den-
sity of the inorganic phase can be tuned. In addition,
if colloidal silica particles are present in the reaction
mixture, the reaction of their SiOOH groups with
OH groups of hydrolyzed GTMS and GMDES is also
possible. Second, the organic polymer network is
formed by the reaction between epoxy groups of
GTMS or GMDES and amino groups of Jeffamine [eqs.

TABLE II
Procedures Used for the Preparation

of Hybrid O–I Products

Procedure
Alkaline polycondensation

(h) at 23°C

Thermal curing (h)

80°C 105°C 130°C

A 1 2 1 0
B 1 2 1 1
Ca 2.5 2 1 0
Da 2.5 2 1 1

a Achievable only for D230- and D400-based products. For
details, see the tensile and thermomechanical characteriza-
tion.

TABLE III
Composition and Characteristics of D230-Based Hybrid O–I Networks

Sample codea SiO2:GTMS:GMDES:D230 [NH]:[epoxy]
Tg (°C),
regionb

�b
(%)

�b
(MPa)

E
(MPa)

w
(kJ/m2)

1C 0:80.4:0:19.6 1.0 41, G 2 8.4 892 1.3
1D 0:80.4:0:19.6 1.0 42, G 2 10.6 1090 1.7
2A 0:67.2:0:32.8 2.0 5, R 6.6 2.8 60 1.8
3C 0:0:81.0:19.0 1.02 24, M 18.5 3.5 24 8.3
4A 21.2:63.5:0:15.3 1.0 41, G 2.1 15.3 1060 3.2
4C 21.2:63.4:0:15.4 1.0 43, G 1.8 12.4 1634 2.2
5A 19.8:58.7:0:21.5 1.5 M 4.7 13 271 8.3
5C 19.8:58.7:0:21.5 1.5 20, M 9.2 26.2 660 37.4
6A 18.3:54.5:0:27.2 2.0 R 5.5 5.4 147 3.2
6C 18.2:54.6:0:27.2 2.02 R 12.8 6 85 6.4
7A 17.1:51.7:0:31.2 2.5 R 8.1 3.1 54 2.8
8C 21.1:47.6:16.0:15.3 1.0 33, G 6.1 21.6 1470 23.8
9C 21.2:42.2:21.4:15.2 1.0 36, G 6.2 19.5 897 18.1
10A 21.3:32.0:32.0:14.7 1.0 23, M 4.8 7.8 624 4.7
10C 21.2:31.9:31.8:15.1 1.0 37, G 6.4 18.7 500 14.6
10D 21.2:31.9:31.8:15.1 1.0 M 5.2 15.4 537 11.2
11C 21.3:21.1:42.5:15.1 1.0 M 5.9 6.2 222 4.8
12A 19.7:39.3:19.6:21.4 1.52 16, M 10.8 11.6 162 16.7
13A 18.0:40.4:13.5:28.1 2.0 R 8.2 5.4 90 6.6
14A 18.5:36.9:18.3:26.3 2.0 10, R 8.5 7.5 79 6.1
15A 18.5:27.7:27.6:26.2 2.0 R 8.9 5.3 76 5.6
16A 18.5:18.7:36.5:26.3 2.0 R 10.1 4.7 54 5.6
17C 21.4:0:63.8:14.8 1.0 25, M 9.5 3.3 41 3.2
18A 18.6:0:55.4:26.0 2.0 R 11.6 4.1 42 4.2

a For the preparation procedure, see Table II.
b G � glassy state; M � main transition region; R � rubbery state.
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(3) and (4)]. The structure of the organic epoxy–amine
network is governed by the molecular weight of the
Jeffamine (MJeff) and the functionality of the Jeffamine
(fJeff); the crosslinking density increases with decreas-
ing MJeff and increasing fJeff. Also, the system compo-
sition, given by the ratio of the functional groups (r), is

important for the network structure. The most perfect
network with the highest crosslinking density is
formed at the stoichiometric composition, r � 1.

This overall process can be described by a simplified
reaction scheme. For the inorganic network buildup
(sol–gel process),

(1)

(2)

TABLE IV
Composition and Characteristics of D400-Based Hybrid O–I Networks

Sample codea SiO2:GTMS:GMDES:D400 [NH]:[epoxy]
Tg (°C),
regionb

�b
(%)

�b
(MPa)

E
(MPa)

w
(kJ/m2)

19C 0:69.3:0:30.7 1.0 2, R 4.5 2.6 61 0.7
20C 0:52.2:0:47.8 2.0 �16, R 7.8 1.8 26 1.7
21C 0:0:69.5:30.5 1.02 R 8.4 2.1 14 0.9
22A 18.2:54.6:0:27.2 1.1 R 7.2 6.2 112 5.7
23A 15.5:45.5:0:39.0 2.02 R 9.4 4.3 57 4.5
24A 18.8:28.1:28.0:25.1 1.0 R 7.1 4.3 72 3.6
24C 18.7:28.0:28.0:25.3 1.0 0, R 15.3 6.5 59 9
25C 17.8:26.6:26.7:28.9 1.22 �2, R 8.2 3.2 55 2.6
26C 16.5:24.7:24.8:34.0 1.54 R 8.4 2.1 34 1.6
27C 18.9:0:56.5:24.6 1.0 R 8 2.4 26 1.2

a For the preparation procedure, see Table II.
b G � glassy state; M � main transition region; R � rubbery state.

TABLE V
Composition and Characteristics of T403-Based Hybrid O–I Networks

Sample codea SiO2:GTMS:GMDES:T403 [NH]:[epoxy]
Tg (°C),
regionb

�b
(%)

�b
(MPa)

E
(MPa)

w
(kJ/m2)

28A 0:75.1:0:24.9 1.0 56; G 2.1 8.8 975 1.4
29A 0:0:75.5:24.5 1.0 17; M 31.2 7.3 31 30.5
30A 0:0:68.1:31.9 1.5 R 11.9 1.7 18 3.1
31B 20.6:62.0:0:17.4 0.84 54; G 1.6 11.9 1180 1.8
32A 20:60:0:20 1.0 41; G 2.3 12.1 1370 2.4
32B 20:60:0:20 1.0 G 1.5 8.5 1563 1.3
33A 18.5:55.4:0:26.1 1.5 36; G 3.7 25.8 1880 15.4
33B 18.5:55.4:0:26.1 1.5 G 1.8 39.5 3276 8.5
34B 20.1:40.1:20.2:19.6 1.0 40; G 3.9 4.5 207 2.4
35A 20.0:30.3:30.3:19.5 1.0 G 5 4.6 218 4.2
36A 21.3:0:65.6:15.1 0.78 R 7.4 2.6 44 2.2
37A 20.5:0:60.7:18.8 1.0 23; M 23.7 10.7 54 41.6
38A 18.5:0:55.4:26.1 1.5 R 9.3 2.1 27 2.8
39A 17.0:0:51.0:32.0 2.0 R 9.2 1.1 15 1.1

a For the preparation procedure, see Table II.
b G � glassy state; M � main transition region; R � rubbery state.
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where R is an alkyl group, R� is a hydroxy or alkyl
group, and * is an (active) alkoxy group, hydroxy

group, or any other group inert in the process. For the
organic network buildup,

(3)

(4)

The evolution of the inorganic structures is influenced
not only by the type of organosilicon precursor but
also by the presence or absence of colloidal SiO2 par-
ticles and by catalysis. It is well known that the shape,
size, and properties of inorganic structures are
strongly influenced by the mechanism of the sol–gel
process (e.g., refs. 1–8, 16, and 21). This is why the
kinetics and reaction mechanism of the polymeriza-
tion reactions were studied by NMR spectroscopy
first. The composition of the model reaction mixture
was adjusted to enable the study of the individual
reaction steps. The analysis of 1H, 29Si, and 13C MAS
NMR spectra of various reaction mixtures containing
GTMS, GTMS, and silica under acid and alkaline con-
ditions has revealed that during acidic hydrolysis, fast
hydrolysis and the formation of short oligomers
(dimers, trimers, and tetramers) are the predominant
processes in the systems without colloidal silica. The
formation of short oligomers is indicated by the pres-
ence of small amounts of T2 structure units (for details,
see Scheme 1) detected in 29Si MAS NMR spectra (at
ca. �58 ppm) in the reaction mixture GTMS-pH 4 [see

Fig. 1(a)]. Although extensive polycondensation starts
predominantly during the second alkaline polycon-
densation step, the rate of condensation reactions in-
creases strongly in the presence of colloidal silica in
the reaction mixture, even in the first acid-catalyzed
process. This follows from the formation of a large
number of T3 structure units (�68 ppm), as shown in
Figure 1(b). It seems that NH4

� ions, which stabilize
colloidal silica particles, promote condensation reac-
tions even at pH 4. Similar results were obtained for
systems containing GMDES. Additionally, 1H and 13C
MAS NMR spectra show that almost no cleavage of
oxirane rings occurs during acidic hydrolysis and al-
kaline polycondensation before the thermal curing;
this leaves oxirane groups available for the reactions,
resulting in the formation of an organic network dur-
ing the thermal curing step [see Fig. 2(a,b)]. 13C-NMR
signals of corresponding structure units (epoxide
OCH2 ring at 44 ppm and epoxide OOCH at 51 ppm)
gradually grow as a result of condensation reactions;
however, their integral intensities remain constant.
The signal broadening reflects gradual polycondensa-
tion in the nanocomposite product. The changes in the
shape and position of the CH2Si carbon signal (�10
ppm) also suppose hydrolysis and polycondensation.
An increase in the signal intensity corresponding to
methanol (ca. 49 ppm) and the disappearance of or a
decrease in the SiOOCH3 signal (ca. 50 ppm) confirm
a high rate of hydrolysis, which is almost complete
within several hours, as shown in Figure 2(a,b). An
almost 100% conversion of alkoxy groups of GTMS
occurs within 6 h, whereas the cleavage of oxirane
groups does not yet start in this reaction step.

Although the condensation reactions are almost
complete before the last thermal curing step, their rate
increases with the temperature in the final preparation
step, even though the epoxy–amine polyaddition is
the predominant reaction at elevated temperatures.
The acceleration of condensation reactions may be
deduced from 29Si MAS NMR spectra (not shown

Scheme 1 Possible siloxane structural units of the pre-
pared coating films.
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here). The thermal treatment (A or C) of the GTMS-
containing system at 80°C leads to a condensation
degree of q � 0.94, whereas the subsequent treatment
at 105°C results in a bit higher value of q � 0.96. The
time-dependent NMR data also suggest the formation
of more compact polycyclic structure units, as re-
flected by low-field shifts of 29Si-NMR signals of the T3

structure units.
The NMR analysis of a series of model reaction

mixtures has confirmed that during the first reaction
step, mainly hydrolysis but also partial condensation
occur and that the presence or absence of colloidal
SiO2 influences substantially the extent of the conden-

sation reactions. In the second step, Jeffamine plays
the role of a polycondensation catalyst in the sol–gel
process only, whereas the epoxy groups remain al-
most untouched. Hence, during the alkaline polycon-
densation, a variety of inorganic clusters with pendant
epoxy groups can be formed. In the final thermal
curing step, the following processes proceed: (1) the
completion of polycondensation reactions; (2) the
massive buildup of the organic network by epoxy–
amine polyaddition reactions, which start only with
the heating of the reaction mixture [eqs. (3) and (4)];15

and (3) the evaporation of water and alcohols (solvent
and hydrolytic products).

Figure 1 29Si MAS NMR spectra of reaction mixtures (a) GTMS-pH4 and (b) GTMS–silica-pH4 measured at various reaction
times.

Figure 2 13C MAS NMR spectra of reaction mixtures (a) GTMS-pH4 and (b) GTMS–silica–amine measured at various
reaction times.
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Mechanical analysis

The ultimate goal of the study is the preparation of
durable and mechanically resistant coatings and the
determination of the conditions needed for their re-
producible preparation. Most resistant coatings and
films are made from reaction mixtures that are 40–60
wt % solvent. Therefore, all the products were pre-
pared from mixtures that were 50 wt % solvent. The
compositions of the initial reaction mixtures are given
in Tables III–V, along with the specifications concern-
ing the absence and presence of SiO2 nanoparticles,
the GTMS, GTMS–GMDES, and GMDES products, the
ratio of functional groups (r), and the preparation
procedure. Tables III–V deal with D230, D400, and
T403 products, respectively.

The properties of polymer networks depend on the
temperature, and a dramatic change occurs mainly in
the region close to the glass-transition temperature
(Tg). Because the protecting coatings are subject to
weather and temperature changes, it is necessary to
study their temperature-dependent behavior in detail.
Therefore, the dynamic mechanical properties [G�, G�,
and loss factor (tan �)] of selected samples were mea-
sured from �100 to 100°C. Tg’s were determined as
the maxima of tan � (tan � � G�/G�) versus the tem-
perature (T). The G� values of all the analyzed samples
were within the range of 103–104 MPa in the glassy
state for T � Tg � 75°C and within the range of 102–103

MPa in the rubbery state for T � Tg � 50°C. The high
values of G� for the films at temperatures above Tg are
the result of a high crosslinking density of the organic
network, but they are mainly due to the reinforcing
effect of the inorganic structures formed in situ by
admixed silica and silsesquioxane clusters. Figure 3
shows a typical temperature dependence of G�, G�,
and tan �. All the prepared films show a two-phase
morphology with two relaxation peaks of tan � depen-
dences. The low-temperature maximum at T � � 70
� 3°C corresponds to the relaxation of the
polyoxypropylene chain of the Jeffamine used. The
more distinct maximum between �16 and �56°C can

be attributed to the glass transition of the organic
phase immobilized by in situ formed inorganic struc-
tures and by admixed silica. The O–I interface inter-
action is quite strong, and there is a reduction in the
originally large fraction of organic chains, as we can
see from a comparison of the amplitudes of G�(T)
peaks in Figure 3 corresponding to both free and
immobilized chains. As a result, the glass transition of
this interphase mainly governs the thermomechanical
behavior of the films. Therefore, from an application
point of view, we are interested mainly in this high-
temperature relaxation manifested in Tg of the film.
The values of Tg, together with the state in which the
product exists at 23°C, are listed in Tables III–V.

One of the potential applications of the prepared
products is their use as protecting coatings on glass-
like surfaces. Information on their tensile properties at
room temperature is, therefore, needed. The products
with the most promising properties at ambient tem-
peratures are discussed in detail. All the stress–strain
characteristics discussed were measured at 23°C, and
the strain at break (	b), stress at break (�b), toughness
(w; i.e., the energy per unit of the cross section neces-
sary to break the sample), and Young’s modulus (E) of
the films were determined. The tensile properties were
proved not to be influenced by the film thickness in
the region of 0.06–0.1 mm. Therefore, we carried out
all measurements within this thickness region to ob-
tain comparable results for all the samples. The tensile
properties are summarized in Tables III–V. It is evi-
dent that the products differ substantially in their
tensile properties [Fig. 4(a)] as a result of the variation
of the product structure (organic and inorganic). We
have divided our systems into three categories accord-
ing to their state at the ambient temperature; this is
crucial for possible material applications as protective
coatings.

Glassy-state region

The films with Tg 	 30°C are characterized by high
values of E at the ambient temperature (E 	 ca. 800
MPa), relatively high values of �b (mostly 	10 MPa),
and low values of both 	b (mostly 
2%) and w (largely

3 kJ/m2). The systems showing a high crosslinking
density of both organic and inorganic networks be-
long to this category. It includes the hybrids based on
D230 and T403 Jeffamines with stoichiometric compo-
sitions or a slight off-stoichiometry of the organic net-
work and only a small fraction of bifunctional GMDES
present in the inorganic phase. The addition of the
silica particles to the hybrid leads to an increase in E,
�b, and w of the glassy products (cf. samples 1C vs 4C
and 28A vs 32A in Tables III–V). However, the varia-
tion of the curing regimes has no significant effect,
resulting only in a slight increase in the glassy mod-
ulus when a longer polycondensation step (C or D

Figure 3 (1) G�, (2) G�, and (3) tan � as functions of tem-
perature.
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procedure) or high-temperature curing (B or D) is
applied (cf. samples 4A vs 4C, 1C vs 1D, 32 A vs 32 B,
and 33A vs 33B). For details, see Table II–V.

Main transition region

The films showing lower Tg’s and existing in the main
transition region at the ambient temperature (Tg �

20°C) have relatively high values of w (mostly 	10
kJ/m2) as a result of high values of �b (mostly 	15
MPa) and medium values of �b (	5%). The hybrids
belonging to this group show a lower crosslinking
density of the organic network due to an off-stoichio-
metric composition, r 	 1.5 (excess of amine), or a high
fraction of GMDES reducing the crosslinking density
of the inorganic network. Typical representatives of

Figure 4 (a) Stress–strain dependence of selected free-standing films. The compositions of the samples were as follows: 8C,
SiO2 � 3:1 GTMS/GMDES � D230 (r � 1.0); 23A, SiO2 � GTMS � D400 (r � 1.0); 29A, GMDES � T403 (r � 1.0); 33B, SiO2
� GTMS � T403 (r � 1.5); and 37A, SiO2 � GMDES � T403 (r � 1.0). The temperature was 23°C. (b) Effect of molar ratio
r (NH groups/epoxy groups) on the tensile properties of the films made from SiO2, GTMS, and D230. The temperature was
23°C.
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this group are T403-based networks with the inorganic
phase formed by GMDES only (samples 29A and 37A)
and off-stoichiometric D230-based systems, r � 1.5,
with GTMS or those with an excess of GMDES in the
inorganic phase (samples 5C, 10A, 12 A, 3C, and 17C).
An outstanding value of w at the ambient temperature
was achieved in the hybrids of this category (e.g.,
samples 29A and 37A) because of their lower
crosslinking density and the presence of long, linear
polysiloxane chains. Moreover, procedure C, promot-
ing polycondensation, seems to improve the proper-
ties of D230-based products in comparison with pro-
cedure A.

Rubbery-state region

The rubbery films with Tg 
 15°C have relatively high
values of �b (mostly 	8%), acceptable values of �b

(mostly 	4 MPa), and relatively low values of E (
102

MPa). The values of w (largely 	4 kJ/m2) are higher
than those of glassy samples but lower than those of
samples belonging to the main-transition-region cate-
gory. Rubbery behavior at the ambient temperature
was observed in the hybrid systems of the lowest
crosslinking density of the epoxy–amine network, that
is, in D230-based (e.g., samples 2A, 6C, and 7A) and
T403-based (e.g., samples 29A, 30A, and 36A) systems
with a high amine excess, r � 2, and in all D400-based
networks. In addition, the hybrids containing in their
inorganic structures only linear polysiloxane chains
from GMDES are in the rubbery state. The addition of
colloidal silica particles results in an increase in E and
improves �b while keeping unchanged �b. Conse-
quently, w is generally higher for silica-containing
products than for silica-free analogues. Procedure C
surprisingly leads to products with lower values of E,
higher values of �b, and higher values of w in compar-
ison with procedure A (cf. samples 6A vs 6C and 24A
vs 24 C).

Tensile and thermomechanical characterization

With respect to the applications of hybrid films to
protective coatings, we studied the influence of the
composition of the reaction mixture and the condi-
tions of preparation on the thermomechanical proper-
ties. We tested the effects of the presence of SiO2
particles, the GTMS/GMDES ratio, and the NH/ep-
oxy ratio.

SiO2 presence/absence

Silica particles in a system generally serve as reinforc-
ing fillers. We have found that the addition of SiO2
nanoparticles into the reaction system has only a neg-
ligible effect on Tg (cf. samples 1C vs 4C, 3C vs 17C,
28A vs 32A, and 29A vs 37A). The presence of silica,

however, reduces �b, mainly in samples in the transi-
tion region, and increases �b, E, and w in most cases
(cf. samples 1C vs 4C, 2A vs 6A, 3C vs 17C, 28A vs
32A, 29A vs 37A, and 30A vs 38A). This finding is very
important from a practical point of view, that is, for
scratch-resistant protection applications.

GTMS/GMDES ratio

Changing the ratio, we can effectively tune the struc-
ture of the in situ formed inorganic clusters. When
GTMS was replaced by GMDES, other conditions be-
ing kept constant, more flexible products with linear
polysiloxane chains were obtained with substantially
lower Tg’s. This effect was observed for both SiO2-
containing and SiO2-free films (cf. samples 1C vs 3C,
28A vs 29A, and 32A vs 37A). In some cases, the
increase in the GMDES fraction caused the transition
from the glassy-region state to the main-transition-
region state of the film at the ambient temperature (see
T403-based products or samples 4C and 17C for D230-
based films). This finding allows for the tuning of the
mechanical properties of the products through the
adjustment of the GTMS/GMDES ratio.

Type of jeffamine

The choice of the Jeffamine determines the structure of
the organic network and influences strongly the prop-
erties of prepared films. All D400-based films had low
Tg’s and were rubbery at 23°C. The D230- and T403-
based products showed a higher crosslinking density
of the organic network and made it possible to prepare
films with a broader span of mechanical properties;
for details, see Tables III and V.

Composition of the organic phase

The [NH]/[epoxy] ratio, or r, is another way of con-
trolling the organic network density affecting Tg of a
system. The shift from the stoichiometric composition
(r � 1.0) to the systems with an amine excess (r 	1)
results in a significant decrease in Tg (cf. samples 1C vs
2A and 19C vs 20C). This means that by changing the
composition of the organic phase, we can achieve the
transition of the products from one state to another
(from the glassy state to the main transition region and
to the rubbery state; cf. samples 4A, 5A, 6A, and 7A or
samples 4C, 5C, and 6C). The tensile properties of
some typical representatives are shown in Figure 4(b).
The hardest material with the highest modulus was
prepared with the stoichiometric composition. How-
ever, high w and �b values were achieved in the films
in the main transition region at ambient temperatures,
requiring synthesis from an off-stoichiometric mix-
ture: r � 1.5 for SiO2–GTMS–D230 products (Tg
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� 20°C) and r � 1.0 for SiO2–GMDES–T403 samples
(Tg � 23°C).

Preparation technique

Four types of preparation techniques, differing in the
curing regimes, were tested. The hydrolytic step was
kept the same in all cases; however, the sol–gel poly-
condensation stage and the final thermal curing var-
ied. Tables III–V contain the specifications of the meth-
ods of preparation (the first column in Table II). For
the T403 systems, only variants A and B could be used
to prevent gelation during the polycondensation step.
It was found that (besides the influence of the type of
reactant used, as discussed previously) the curing re-
gime could change the tensile properties. The most
important step influencing these properties is the al-
kaline polycondensation stage because the inorganic
clusters formed during this step affect substantially
the final morphology on the submicrometer scale.
However, we have not found any universal technique
of preparation to obtain products with optimum prop-
erties. The data suggest that the final hybrid O–I net-
work is formed by a complex mechanism, which re-
sults in a broad variation of mechanical properties (for
details, see Tables III–V).

Structure and surface characterization

The structure of the products—films and coatings—
was studied with SAXS and NMR spectroscopy. The
surface morphology was investigated with AFM.

In Figure 5(a–c), SAXS data of hybrid O–I networks
are shown. The sharp interference maxima in the
SAXS profiles prove that an ordered O–I two-phase
structure is formed in the networks obtained by the
polymerization of GTMS with amines [D230, D400,
and T403; Fig. 5(a)]. The interference maxima in the
region of q � 2.3–3.3 nm�1 correspond to correlation
distances of 1.9–2.7 nm. The correlation distance de-
pends on the chain size of the amine spacer and on the
amine/epoxy ratio, r. The second broad maximum,
observed at q values higher than 5 nm�1 on all SAXS
curves of samples obtained by GTMS polymerization,
can be attributed to the inner structure. However, no
regular arrangement has been observed in networks
obtained through the polymerization of GMDES [Fig.
5(b)]. This fact can be explained by the different func-
tionalities of GTMS and GMDES for the buildup of
inorganic domains. Although trifunctional GTMS can
form highly ordered and cagelike POSS clusters,18

difunctional GMDES can only slightly lengthen the
chains of inorganic clusters. The structural arrange-
ment of our GTMS-containing products indirectly
proves the form of the compact structures formed.
According to SAXS experiments, the presence of silica
particles does not disturb the structure ordering of

hybrid O–I films [Fig. 5(c)]. However, NMR data in-
dicate that colloidal SiO2 interacts with O–I networks
and may form a low fraction of chemical bonds within
the network (see later). The structure of the product
films (samples 5C and 37A) was evaluated through an
analysis of the 13C and 29Si CP–MAS NMR spectra,
which are shown in Figure 6(a–d). From a comparison
of the 13C CP–MAS NMR spectra of both systems [cf.
Fig. 6(a,b)], we find that the system based on GTMS
(5C) is more regularly organized than that based on
GMDES, as proved by a large inhomogeneous broad-
ening of the signals in the aliphatic region for sample
37A. Although it is generally recognized that the re-
activity of alkoxy(alkyl)silanes increases with an in-
creasing number of alkyl substituents, it has to be
stressed that the extent of condensation reactions of
GTMS (p � 0.96) is much higher than that of GMDES
[p � 0.73; see Fig. 6(c,d)]. A fairly high amount of T3

structure units observed by NMR indicates the forma-
tion of highly condensed and compact cagelike clus-
ters, which are surrounded by the organic phase. The
resulting material can be considered nanoheteroge-
neous with partly separated organic and silicon-con-
taining phases. However, the presence of a large
amount of D1 structure units confirms that nearly 54%
of the GMDES monomer units are terminal chain units
and provide only linkage with the organic phase. This
results in the softening of the final coatings (larger
elasticity). Furthermore, the condensation of surface
hydroxy groups from colloidal silica particles and
GTMS or GMDES silanol groups has also been ob-
served. It is indicated by the decreasing NMR inten-
sity of Q3 and Q2 structure units in colloidal silica
particles of composite systems with the reaction time.
Although this decrease is small (ca. 1–2%), the NMR
analysis supports covalent bonding between the inor-
ganic and organic phases.

The surface morphology was investigated with
AFM. AFM measurements in the tapping and contact
modes were compared to test whether the destruction
of the surface occurred and influenced the results in
the contact mode. In both cases (i.e., in the tapping
mode and contact mode with the least tip force on the
sample surface possible), practically identical images
were obtained, and so identical information was ob-
tained on the surface morphology for all the prepared
O–I hybrid coatings (even for samples with low sur-
face hardness). The coatings have fairly flat and reg-
ular surfaces, their smoothness and profile depending
on the presence or absence of colloidal SiO2 particles.
On the nanometer scale, the presence of individual
SiO2 particles at the surface is quite apparent (Fig. 7).
They are distributed quite uniformly, without distinct
clustering, and they are well incorporated into the
surface layer. On the basis of the stoichiometry and
average distances between the silica particles in the
surface layer, it has been found that SiO2 nanopar-
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Figure 5 SAXS curves of the O–I networks: (a) GTMS-based films, (b) GMDES-based films, and (c) SiO2-containing and
SiO2-free analogues.
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ticles, which are quite miscible with all the reactants
and are fairly compatible with the formed O–I net-
works, concentrate in the surface layer, thus lowering
the surface tension (for details, see ref. 23). They re-
main uniformly distributed in the three-dimensional
structure, and a significant fraction of these particles
still remain in the bulk of the O–I hybrid film, as
indicated by the random distribution of SiO2 particles
revealed by SAXS.

CONCLUSIONS

Hybrid O–I coatings and free-standing films have
been prepared and characterized. On the basis of
NMR spectroscopy, we have proposed and discussed
a possible reaction mechanism of the organic and in-

organic network buildup process. It has been con-
firmed that in particular steps of the preparation, dif-
ferent reactions predominate: hydrolysis in the first
step, polycondensation in the second, and mainly ep-
oxy–amine polyaddition in the final step. The pres-
ence of colloidal SiO2 significantly promotes conden-
sation reactions in the acid-catalyzed step.

The difference in the tensile properties has been
discussed from two points of view: (1) the state of
matter of products at the ambient temperature (23°C)
and (2) the influence of individual reactants, the sys-
tem composition, the reaction conditions, and the
techniques of preparation on the tensile properties.
Products have been prepared, ranging from the glassy
region to the main transition region to the rubbery
state at room temperature. Hard protective films have
been obtained mainly from systems based on T403
Jeffamine and GTMS in the presence of silica particles.
Even hybrids with a slight amine excess show high
moduli and tensile strengths (�b). If w is taken as the
criterion for the optimization of the reaction condi-
tions and procedure, only a limited number of prod-
ucts can be selected; nevertheless, their properties may
be tuned through changes in the reaction composition
and conditions. O–I films with suitable w values have
Tg’s close to 20°C, although the composition, prepara-
tion technique, and tensile properties vary. Typical
representatives of these products with above-average
values of w are GTMS–D230 at the [NH]/[epoxy] ratio
(r) of approximately 1.5 and stoichiometric GMDES–
T403 systems.

Tg of the films is easily tuned by the modification of
the buildup of the organic network and inorganic
structures, and this makes it possible to affect the
tensile properties. Several methods of controlling Tg

Figure 6 13C and 29Si CP–MAS NMR spectra of (a,c) sample 5C and (b,d) sample 37A.

Figure 7 Three-dimensional image of the surface of sample
37A (SiO2 � GMDES � T403; r � 1.0) in the contact mode.
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have been tested; it has been reduced (1) by changes in
the composition as r increases, (b) by the replacement
of T403 or D230 Jeffamines with longer D400, and (c)
by the replacement of GTMS with bifunctional GM-
DES.

The structural characterization of the final products,
performed with SAXS and NMR, has confirmed that
GTMS-based products differ substantially from their
GMDES-based analogues. Although GTMS-based
products exhibit a certain kind of ordering, GMDES-
based products do not show any regular arrangement.
NMR experiments have also confirmed a higher con-
densation rate in GTMS-based systems than in GM-
DES-based systems. All the products have flat and
regular surfaces. If colloidal silica particles are present
in the reaction mixture, they are well incorporated into
the surface layer and may be detected by AFM.

The conditions for the reproducible preparation of
suitable polymeric products have been found and op-
timized. They enable the tuning of their properties
according to the intended use. Supplementary and
more detailed studies on several selected products,
aimed at the potential long-term use of the prepared
films as scratch- and abrasion-resistant systems, are in
progress and will be reported later.
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