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ABSTRACT: Epoxy/anhydride oligomers containing variable amounts of trialkoxysilane
groups were synthesized from phenyl glycidyl ether (PGE), 3-glycidoxypropyl trime-
thoxysilane (GPMS), and methyl tetrahydrophthalic anhydride (MTHPA), using ben-
zyldimethylamine (BDMA) as an initiator. They were hydrolyzed and partially con-
densed using diluted formic as a catalyst, with the last step carried out in a solution of
diglycidyl ether of bisphenol A (DGEBA). By curing with a stoichiometric amount of
MTHPA, in the presence of BDMA, plasticized epoxy/anhydride networks were ob-
tained without any evidence of phase separation. These materials showed a better
abrasion resistance than that of the neat matrix. The presence of free SiOH groups can
be used to improve the adhesion to glass surfaces. © 2000 John Wiley & Sons, Inc. J Appl
Polym Sci 75: 1365–1370, 2000
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INTRODUCTION

In the search of epoxy coatings with improved
abrasion resistance and adhesion to glass sur-
faces, we investigated the effect of adding epoxy/
anhydride oligomers functionalized with free
SiOH groups. The following route was used to
generate the SiOH-functionalized additives:
First, epoxy/anhydride oligomers containing tri-
alkoxysilane groups were synthesized. They were
then hydrolyzed and partially condensed using
diluted formic as a catalyst, with the last step
carried out in a solution of diglycidyl ether of
bisphenol A (DGEBA). By curing with a stoichio-
metric amount of an anhydride and a tertiary
amine as an initiator, a plasticized polymer net-

work was obtained without any evidence of phase
separation. Several properties of the modified
networks were determined and compared with
those of the neat epoxy matrix.

EXPERIMENTAL

Materials

The structures of the different chemical reagents
are shown in Figure 1. The selected monoepoxides
were phenyl glycidyl ether (PGE, Aldrich, Mil-
waukee, WI) and 3-glycidoxypropyl trimethoxysi-
lane (GPMS, Sigma, St. Louis, MO). The diep-
oxide was DGEBA (MY 790, Ciba-Geigy, with an
average n value equal to 0.03). It was carefully
dehydrated before use. The epoxides were poly-
merized with methyl tetrahydrophthalic anhy-
dride (MTHPA, HY 918, Ciba-Geigy), using ben-
zyldimethylamine (BDMA, Sigma), as an initia-
tor, in an amount of 0.04 mol per mol of epoxy
groups.
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Characterization

Molar-mass distributions were determined by
size-exclusion chromatography (SEC), with a Wa-
ters 510 GPC provided with ultraStyragel col-
umns 100 (32), 500, and 1000, using a refractive
index detector. Tetrahydrofuran (THF), at 1 mL/
min, was used as a carrier. Fourier-transformed
infrared spectroscopy was used to follow the po-
lymerization and the hydrolytic condensation
(FTIR, Bruker IFS 25 on NaCl windows).

Glass transition temperatures (Tg) were deter-
mined by differential scanning calorimetry (DSC,
DuPont 990 TA, onset value at 10°C/min under
N2) or by thermal mechanical analysis (TMA,
Mettler TA 3000, onset value at 10°C/min using
both static and dynamic forces). DSC (Mettler TA
3000) was also used to obtain the heat of reaction
of the epoxy/anhydride polymerization.

Minicylindrical compression-test specimens
with a diameter D 5 4 mm and L/D 5 1.5 were
machined and deformed under an uniaxial com-
pression mode in a Shimadzu Autograph S55-C
universal testing machine. The crosshead dis-
placement was measured using an LVDT placed
very close to the specimen. The elastic modulus
and the compressive yield stress, syc , were deter-
mined from the experimental curves.

The microhardness was measured using a Wil-
son Tukon 300 device with a Vickers indenter,
applying a 5 kg force for 15 s. The abrasion resis-
tance was determined with a dry sand/rubber
wheel apparatus (ASTM G65, 91, Procedure D).

RESULTS AND DISCUSSION

Synthesis of Epoxy/Anhydride Oligomers
Containing Trialkoxysilane Groups

The copolymerization of epoxides with cyclic an-
hydrides in the presence of tertiary amines pro-
ceeds through an anionic chainwise mechanism
comprising initiation, propagation, and chain-
transfer steps. Propagation involves the alternat-
ing addition of epoxy and anhydride groups to the
growing chain. But as the alkoxide at a chain end
reacts at a faster rate than does the carboxilate,1,2

the (almost) simultaneous addition of an epoxy–
anhydride couple to the growing chain takes
place. A chain-transfer step that regenerates the
active species must be present to account for the
experimental values of the gel conversion.3 Fig-
ure 2 shows a fragment of a linear chain formed in
the PGE/GPMS/MTHPA reaction.

The PGE/MTHPA copolymerization in stoichi-
ometric amounts was first analyzed. Figure 3

Figure 1 Chemical reagents.

Figure 2 Fragment of a linear chain formed during
the polymerization of PGE, GPMS, and MTHPA.
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shows the evolution of SEC chromatograms dur-
ing the reaction carried out in bulk at 100°C,
using BDMA as an initiator. It is observed that
the reaction reaches an almost complete conver-
sion of both comonomers. The maximum of the
SEC peak at full conversion corresponds to an
oligomer containing 7 units of both comonomers
[as a result from a calibration curve built up by
using different condensation products of PGE and
N-(b-aminoethyl)-g-aminopropyltrimethoxysi-
lane]. For a living polymerization and assuming
that all of the added initiator becomes active, the
average size of the oligomeric chains should be of
25 units of both comonomers (corresponding to
the 0.04 mol of BDMA per mol of epoxy groups).
The significantly lower value observed experi-
mentally gives evidence of the presence of chain-
transfer steps in the reaction mechanism.

The evolution of the individual conversions (x)
of both comonomers was quantified by defining

x 5 1 2 h/h0 (1)

where h/h0 is the ratio of the peak height at any
time with respect to the initial value. Figure 4
shows that the evolution of both conversions is
practically the same within experimental error.
This is the expected result for an alternating co-
polymerization of epoxy and anhydride groups.

The terpolymerization of GPMS/PGE/MTHPA,
initiated by BDMA, was then studied. The reac-
tion was carried out at 70°C in tubes sealed under
a vacuum to avoid the presence of water (it could
initiate the hydrolytic condensation of the alkox-
ysilane groups in parallel with the epoxy/anhy-
dride reaction). Stoichiometric amounts of the to-
tal epoxy/anhydride groups were used. The molar
ratio, fGPMS 5 GPMS/(PGE 1 GPMS), was varied
from 0 to 1. After 24 h at 70°C, a practically full
conversion was attained as revealed by FTIR
spectroscopy. As an example, Figure 5 shows the
FTIR spectrum of the product synthesized with
fGPMS 5 1. Bands at 1774 and 1830 cm21 (anhy-
dride groups) and at 912 cm21 (epoxides) have
disappeared, indicating complete conversion of
both comonomers. No SiOH band was found in
the 3200–3500 cm21 range, a fact that proved
that Si—OCH3 groups were not hydrolyzed. This
was also confirmed by the presence of bands at
2842 cm21 (CH3 symmetric stretch of the OCH3
groups) and at 1088 and 817 cm21 (asymmetric
and symmetric stretch of Si—O—CH3).4

Figure 6 shows the SEC chromatograms of the
oligomers prepared with fGPMS 5 0 and 0.5. The
presence of GPMS led to a broad distribution of
oligomers, a fact that may result either from the
increase in the rate of chain transfer or from the
presence of intramolecular cyclization. Similar
broad distributions were observed for different
values of fGPMS. Glass transition temperatures
are shown in Figure 7. Tg decreases significantly
with the proportion of GPMS in the initial formu-
lation.

Figure 4 Conversion of epoxy (xe) and anhydride (xa)
monomers during the PGE/MTHPA copolymerization
initiated by BDMA at 100°C.

Figure 3 Evolution of SEC chromatograms for the
PGE/MTHPA copolymerization initiated by BDMA at
100°C.
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Obtention of SiOH-functionalized
Epoxy/Anhydride Oligomers

Hydrolysis and partial condensation of the epoxy/
anhydride oligomers containing trialkoxysilane
groups was performed using both acid and basic
catalysts. The following reactions take place:

SiOOCH3 1 H2O 5 SiOOH 1 CH3OH (2)

SiOOCH3 1 SiOOH 5 SiOOOSi 1 CH3OH (3)

2 SiOOH 5 SiOOOSi 1 H2O (4)

A preliminary analysis of different reaction con-
ditions was performed using the oligomer with
fGPMS 5 0.5. Table I shows different catalysts and
molar ratios used for the hydrolytic condensation
in tetrahydrofuran (THF). The reaction was car-
ried out using the following thermal cycle: 48 h at
40°C, a heating step up to 70°C where a vacuum
was applied to eliminate volatiles, a heating pe-
riod in steps up to 150°C, and a stage of 3 h at this
temperature. The condensation product was a gel
insoluble in THF. The progress of the hydrolytic
condensation was followed by FTIR. Although the
reaction rate depended on the selected catalyst,
final IR spectra were indistinguishable (Fig. 8
shows one of these spectra).

According to the literature,4–7 broad bands at
'1050 and 1100 cm21 are assigned to Si—O—Si

Figure 5 FTIR spectrum of the copolymer GPMS/MTHPA after 24 h at 70°C.

Figure 6 SEC chromatograms of the copolymer PGE/
MTHPA (fGPMS 5 0) and the terpolymer PGE/GPMS/
MTHPA (fGPMS 5 0.5) at complete conversion of the
monomers.

Figure 7 Tg of the PGE/GPMS/MTHPA terpolymers
as a function of the proportion of GPMS in the initial
formulation (fGPMS).
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antisymmetric stretches, while the band at 695
cm21 is assigned to the Si—O—Si symmetric
stretch. The broad band with a maximum at
'3500 cm21 is ascribed to stretching of the OH of
the Si—OH groups that are hydrogen-bonded,
plausibly, to OAC groups. No band near 3690
cm21 is observed for free OH of the Si—OH
groups. A small band at 904 cm21, derived from
the Si—OH stretch, was present in the products
obtained after the 48 h at 40°C but could not be
detected in the final material, meaning that a
high degree of condensation was achieved with
the selected catalysts and thermal cycle. How-
ever, the glass transition temperature of the re-
action products was close to the value of the start-
ing oligomer (Table I).

To obtain SiOH-functionalized oligomers, it
was necessary to select mild conditions for the
hydrolytic condensation. The process was carried
out in two steps: The first one was performed in
THF (1.5 g/mL), using HCOOH 0.1N as a catalyst
with a ratio H2O/Si 5 3, for 24 h at 50°C (after

this time, the hydrolysis of the SiOCH3 groups
was carried out to completion). Then, in the sec-
ond step, DGEBA was added as a solvent in an
amount that depended on the desired proportion
of the SiOH-functionalized oligomer in the epoxy
network. The condensation was advanced during
a 24-h period, at 70°C, during which the remain-
ing amount of THF was eliminated. SEC chro-
matograms showed that only oligomers were ob-
tained after this step.

Epoxy/Anhydride Networks Modified by SiOH-
functionalized Oligomers

A stoichiometric amount of MTHPA together with
the initiator (BDMA) were added to the DGEBA
solution containing the SiOH-functionalized oli-
gomer. The polymerization was carried out at
70°C (24 h), followed by a postcure step where the
temperature was increased in steps up to 140°C
and kept at this value for 6 h. Transparent glassy
materials were obtained with no evidence of
phase separation.

The polymerization was also followed by DSC.
The reaction heat was between 50 and 55 kJ/eq,
in the same range of values reported in the liter-
ature.8,9 This means that epoxy groups of DGEBA
remained unaltered during the hydrolysis and
partial condensation of the oligomer.

Epoxy/anhydride networks containing differ-
ent mass fractions of the SiOH-functionalized oli-
gomer (fGPMS 5 0.5) were obtained. Figure 9
shows the Tg of the plasticized epoxy networks as
a function of the mass fraction of the SiOH-func-
tionalized hybrid oligomer.

Table I Catalysts and Molar Ratios Used for
the Hydrolytic Condensation and Tg of the
Resulting Products

Catalyst Molar Ratio Tg(°C)

ClH 2M H2O/Si 5 3 214.5
NaOH 1M H2O/Si 5 3 217
NaOH 2M H2O/Si 5 3 210
HCOOH 85% HCOOH/Si 5 3 214.5
HCOOH 85% HCOOH/Si 5 6 214.5

Figure 8 FTIR spectrum of the product resulting
from the hydrolytic condensation process carried out at
increasing temperatures up to 150°C.

Figure 9 Tg of the modified epoxy network as a func-
tion of the mass fraction of the SiOH-functionalized
hybrid oligomer. The full line represents the fitting
with the Gordon–Taylor equation with k 5 2.5.
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The Gordon–Taylor copolymer equation10 was
used to fit the experimental curve:

~TgE 2 Tg! 5 kwH~TgE 2 TgH!/@1 1 wH~k 2 1!# ~5!

where TgE
5 381 K is the glass transition temper-

ature of the neat epoxy matrix, TgH
5 258 K and

wH are, respectively, the glass transition temper-
ature and the mass fraction of the SiOH-function-
alized oligomer, and k is a constant defined as

k 5 ~bR 2 bG!H/~~bR 2 bG!E (6)

where b is the first derivative of the specific vol-
ume with respect to temperature and R and G
refer to the rubbery and glassy states, respec-
tively. When k 5 TgE

/TgH
5 1.47, the Gordon–

Taylor equation becomes equivalent to the Fox
equation11:

1/Tg 5 wE/TgE 1 wH/TgH (7)

A reasonable good fitting was obtained using the
Gordon–Taylor equation with k 5 2.5 (Fig. 9). For
an epoxy resin plasticized by an internally epoxi-
dized polybutadiene rubber, a value of k 5 2.0
was reported.12,13 An increase in the k value cor-
responds to an increase in TgE

2 Tg (higher plas-
ticization effect).

Let us assume that a Tg of 330 K is acceptable
for a particular application of the plasticized ep-
oxy, for example, for a coating, adhesive, or seal-
ant. This Tg is obtained by introducing 23 wt % of
the SiOH-functionalized oligomer in the initial
mixture (Fig. 9). Different properties of this par-
ticular formulation were measured and compared
with those of the neat epoxy matrix. Table II
shows the results.

Both the elastic modulus and the yield stress in
compression decrease significantly in the plasti-

cized material. A small decrease is also observed
in the microhardness, but, as a counterpart, the
abrasion resistance increases significantly. This
seems to be one of the better characteristics of the
modified material. Besides, the presence of free
SiOH groups may be used to provide good adhe-
sion with glass surfaces.

CONCLUSIONS

SiOH-functionalized oligomers were synthesized
by the hydrolysis and partial condensation of ep-
oxy/anhydride oligomers containing trialkoxysi-
lane groups. Solutions of these oligomers in a
liquid epoxy were cured with a stoichiometric
amount of an anhydride using a tertiary amine as
an initiator. The resulting materials showed no
evidence of phase separation, a better abrasion
resistance than that of the neat matrix, and a
potentially good adhesion with glass surfaces due
to the presence of free SiOH groups.
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Argentina, is gratefully acknowledged.
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Table II Properties of the Epoxy Modified with
23 wt % SiOH-functionalized
Oligomer and of the Neat Matrix

Property Modified Epoxy Neat Matrix

Tg (K) 330 381
E (GPa) 1.3 3.4
syc (MPa) 50 135
Microhardness (GPa) 4.5 5.5
Abrasion Resistance 1.44 1
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