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Abstract Epoxy functional (poly)siloxanes are one of the
most important classes of modified silicones. Due to high
reactivity of epoxy group and specific features of siloxane
chain, they can make an excellent raw material for syn-
thesis of hybrid materials. Results obtained in this study
have shown that both the modification of epoxy resins with
epoxy functional disiloxanes as well as the application of
polysiloxanes with long polysiloxane chains and a specified
content of epoxy groups makes it possible to produce
hybrid materials of very good thermal stability. Cross-
linking reactions were carried out with use of four diamines
of which the best one appeared to be 4,4'-diaminodiphen-
ylmethane. The highest thermal stability was found in the
case of hybrid materials obtained from epoxy functional
polysiloxanes.

Keywords Epoxy functional polysiloxanes - Hybrid
materials - Crosslinking reactions - Thermal stability -
DSC measurements

Introduction
Fast technological progress and striving to develop materials

with newer and newer properties generate a great demand for
modern materials. Many well-known materials, such as
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metals, ceramics and plastics, cannot meet requirements set by
new directions of applications. In recent years, studies on
modern hybrid materials of extraordinary and unprecedented
properties became one of the most thriving activities in the
field of materials chemistry [1-3]. The term hybrid material
denotes a material that contains two components mixed on a
molecular level and, most often, one of them is organic
and another inorganic in its nature. Among the most popular
and universally applied inorganic polymers are poly-
dimethylsiloxanes, colloquially called silicones, which due to
their specific properties have found many applications [4—6].
However, a characteristic feature of this class of compounds is
also their chemical inertness, therefore, to make reactive sil-
icones; a modification of polysiloxane chains is performed by
introducing various functional groups [7, 8]. One of the most
popular modified silicones are epoxy functional siloxanes.
They have been well-known and used for a lot of various
applications since many years [9-16]. Epoxy functional
siloxanes offer the benefits of both silicone resins and epoxy
resins. The presence of inorganic and organic functionalities
in a single polymer results in a unique combination of such
properties like weatherability, UV resistance and thermo-
oxidative stability [17, 18]. The high reactivity of the oxirane
ring of epoxides makes it possible to obtain a wide range of
compounds or organic—inorganic hybrid polymers. Siloxanes
are used for the modification of epoxy resins. Conventionally,
the introduction of siloxane into polymers has been carried out
through blending methods. The blending of siloxane and
€poXy monomers causes an increase in viscosity of the blen-
ded resin [19]. It may also cause phase separation and release
of siloxane component [20]. Thus, to solve this problem, it is
necessary to incorporate a siloxane moiety into the polymer
backbone through some chemical reactions. Several different
approaches have been applied by using the reaction of epoxy
monomers with siloxanes having terminal hydroxy groups
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[21-24], not fully condensed silsesquioxanes, e.g. phenyltri-
silanol POSS [25], siloxanes containing amino groups [26—
30] as well as amino functional silsesquioxanes [31]. Another
method of producing hybrid materials was the process of
photo-crosslinking of epoxy functional trialkoxysilanes fol-
lowed by hydrolysis and sol-gel condensation [32, 33]. Most
of the materials manufactured in such a way are applied to the
preparation of anticorrosive coatings. Recently, it was repor-
ted that also epoxy functional siloxanes crosslinked with
aminopropyltrialkoxysilanes found an application to anticor-
rosive coatings [34, 35]. Therefore, it is worth to prepare and
investigate properties of materials based on different epoxy
functional (poly)siloxanes.

Our contribution to this field were syntheses, isolation and
characterisation of many epoxy functional di-, tri- and poly-
siloxanes containing glycidoxy and 3,4-epoxycyclohexyl
group in various amounts. Such compounds were synthesised
via hydrosilylation reaction of appropriate (poly)hydro-
methylsiloxane with allyl glycidyl ether or 1-vinyl-3,4-
epoxycyclohexane, in the presence of highly efficient catalytic
system based on rhodium siloxide complex immobilised in
ionic liquids [36].

Studies presented in this study were aimed at determining
thermal stability of hybrid materials based on different epoxy
functional siloxanes and (poly)siloxanes crosslinked with
various diamines as well as at determining energetic effects
observed during curing epoxyfunctional (poly)siloxanes and
their blends with commercial epoxy resin in the presence of
various diamines used as curing agents.

Experimental

All syntheses and manipulations were carried out under argon
using standard vacuum techniques. 'H, '*C and **Si NMR
spectra were recorded on a Varian Gemini 300 VT and Varian
Mercury 300 VT spectrometers. Mass spectra of the monomers
were obtained by GC-MS analysis (Varian Saturn 2100T
equipped with a 30-m capillary column BD-5 and an ion trap
detector). High-resolution mass spectroscopic analyses were
performed on an AMD-402 mass spectrometer and FAB mass
spectra on an AMD-604 instrument (AMD Intectra GmbH).
FT-IR spectra were recorded on a Bruker Tensor 27 Fourier
transform spectrometer equipped with a SPECAC Golden Gate
diamond ATR unit. DSC measurements were carried out under
nitrogen (flow rate of 50 mL/min) at a heating rate of 10 °C/
min using a differential scanning calorimeter DSC-1 (Mettler-
Toledo). The preparation of samples for DSC experiments
consisted in weighing appropriate amounts of reactants (epoxy
compound and diamine) into a beaker directly before mea-
surements, while maintaining the stoichiometry of two epoxy
groups per one amino group and vigorously stirred. About
10 mg of a mixture (in the form of liquid or suspension)
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prepared in such a way was placed in a 40-puL. aluminium pan
with a pierced lid and the measurement was performed
immediately after that. Thermogravimetry was performed on a
Q50 (TA Instruments) analyser. A sample of a hybrid material
was placed on a thermobalance platinum pan at room temper-
ature in nitrogen flow of 40 mL/min. After 3 min, heating of
the sample to 600 °C began at the rate of 10 °C/min.

Materials

The chemicals were obtained from the following suppliers:
toluene (>99.95%), ethylenediamine (>99.5%), 1,3-diami-
nopropane (>99%), 1,6-diaminohexane (98%) and 4,4'-
diaminodiphenylmethane (>97%) were purchased from
Sigma-Aldrich, diglycidyl ether of bisphenol A (>92%) from
Fluka and CDCl; from Dr. Glaser A.G. Basel. Each diamine
was degassed under vacuum at a low temperature and left
under argon atmosphere. All the syntheses of monomers and
catalytic tests were carried out under argon atmosphere. 3-(3-
glycidoxypropyl)-1,1,1,3,5,5,5-heptamethyltrisiloxsane, 1,3-
bis(3-glycidoxypropyl)-1,1,3,3-tetramethyldisiloxane and poly
(dimethyl-co-(glycidoxypropyl)methyl)siloxanes were pre-
pared according to procedures reported in the literature via
hydrosilylation reactions catalysed by Rh-complex [36, 37].

General procedure for synthesis of model compounds
of type 1

An oven dried 15-mL two-neck glass reactor equipped with
reflux condenser and connected to gas and vacuum lines was
charged under argon with 2.97 x 10> mol (1.013 g) of [3-
(glycidoxypropyl]-1,1,1,3,5,5,5-heptamethyltrisiloxane)
and 1.485 x 107> mol of diamine (amount depending on
substrate purity).

The reaction mixture was heated at 110 °C for 3-8 h.
Conversions of the substrates were monitored by GC-MS
and FT-IR analyses. After the reaction was completed, the
crude mixture was allowed to stand under vacuum for
20 min. Reaction yields and the purity of final product
were calculated on the basis of the "H NMR and IR spectra.

Analytical data
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Viscous colourless liquid, yield 89%, purity 98%.
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"HNMR(300 MHz, C¢Dg): 6 0.14 [s, 6H, —Si(CH3)-],0.21
[s, 36H, —Si(CHs)s], 0.97 (t, 4H, SiCH,-), 1.72 (m, 4H,
SiCH,CH,-), 2.67 (s, 4H, -HN-CH,CH,~NH-), 2.96 (s, 2H,
-NH-), 3.03 (m, 2H, -CH-), 3.33 and 3.37 (m, 8H,
—~CH,OCH,-), 3.47 (¢, 4H, -CH,OH), 4.09 (s, 2H, CH,OH).

3C NMR (79 MHz, C¢Dg): & —0.1 (SiCH;3), 2.0
[Si(CH3)s], 14.1 (SiCH,-), 23.9 (-CH,-), 49.4 (-HN-
CH,CH,NH-), 59.1 (O-CH,-CH<), 60.9 (-CH,OH), 69.4
(O—-CH,—CH<), 74.3 (-CH,—~CH,-0O-).

29Si NMR (60 MHz, C¢Dg): 6 —21.12 [-Si(CHs);], 7.14
(SiCH3).

FT-IR (cmfl): —CH,-OH 3,312 (s, typical as a broad
band).

MS [FAB, mlz (%)] 733 (M*, 100).

1b
Me3Si(|) OsiMes
/ NN o
Me—38i” "0 N N W/\O Si—Me
| Y
| OH OSiMe;
Me;SiO OH y H

Viscous colourless liquid, yield 89%, purity 96%.

"H NMR(300 MHz, C¢Dg): 6 0.14 [s, 6H, —Si(CH5)—],
0.21 [s, 36H, -Si(CHs)s], 0.98 (¢, 4H, SiCH,-), 1.71
(m, 4H, SiCH,CH,-), 2.55 (q, 2H, -CH,~CH,—CH,-), 2.66
(s, 4H, -HN-CH,CH,-NH-), 2.84 (s, 2H, -NH-), 3.03
(m, 2H, —CH-), 3.33 and 3.38 (m, 8H, -CH,OCH,-), 3.47
(1, 4H, -CH,OH), 3.92 (s, 2H, CH,OH).

3C NMR (79 MHz, CeD¢): & —0.1 (SiCH3), 2.0
[Si(CHj3)5], 14.1 (SiCH,-), 23.9 (-CH,-), 26.2 (-CH,—CH,—
CH,-), 49.4 (-HN-CH,CH,NH-), 59.1 (O-CH,-CH<), 60.9
(-CH,OH), 69.4 (O-CH,—CH<), 74.3 (-CH,—CH,-O-).

29Si NMR (60 MHz, CDg): 6 —21.18 [-Si(CH3);], 7.09
(SiCH3).

FT-IR (cm™'): -CH,—OH 3,394 (s, typical as a broad band).

MS [FAB, m/z (%)] 747 (M™, 100).

Ic
Me;SiO’ (')SiMe3
Me—Si/\/\O/W/\N /V\/\/T/Y\O\NSi—Me
| | o |
Me;3SiO OH H 0OSiMes

Viscous yellow liquid, yield 83%, purity 95%.

'H NMR(300 MHz, C¢Dg): 6 0.15 [s, 6H, —Si(CHz)-],
0.22 [s, 36H, —Si(CH3)3], 0.99 (¢, 4H, SiCH,-), 1.28 (¢, 4H,
—CH,-), 1.43 (q, 4H, -CH,-), 1.71 (m, 4H, SiCH,CH,-),
2.55 (¢, 4H, -CH,-), 2.84 (s, 2H, -NH-), 3.02 (m, 2H,
—CH-), 3.31 and 3.37 (m, 8H, —-CH,OCH,-), 3.46 (7, 4H,
—CH,0H), 3.91 (s, 2H, CH,OH).

BC NMR (79 MHz, C¢De): 6 —0.09 (SiCH3), 1.9
[Si(CH3)5], 18.1 (SiCH,-), 26.5 (—(CH,)>,—CH,—(CH,),-),

27.2 (Si—-CH,—CH,-), 29.7 [-(CH,)»—CH,—~(CH,),—], 49.4
(-HN-CH,(CH,),CH,NH-), 59.1 (O-CH,-CH<), 61.3
(-CH,0H), 68.3 (O—CH,—CH<), 72.9 (-CH,—CH,—O-).
29Si NMR (60 MHz, C¢Dg): 6 —21.19 [-Si(CH3);], 7.16
(SiCH3).
FT-IR (cm™'): -CH,—OH 3,396 (s, typical as a broad band).
MS [FAB, m/z (%)] 789 (M™, 100).

1d
Me3$i0 s
SiMes
—Sl/\/\ —{ - AN
Me Il O/T\T /\ /\\/\ / ]|\1 | (0] Tl—Me
MesSiO on H H OH 0SiMes

Viscous garish yellow liquid, yield 78%, purity 98%.

"H NMR(300 MHz, C¢Dy): 0 0.17 [s, 6H, —-Si(CH;)-],
0.25 [s, 36H, —Si(CHs);], 0.79 (z, 4H, SiCH,-), 1.80 (m,
4H, SiCH,CH,-), 2.96 (s, 2H, -NH-), 3.03 (m, 2H, —-CH-),
337 and 3.42 (m, 8H, —-CH,OCH,-), 3.47 (1, 4H,
—CH,OH), 3.76 (s, 2H, >C-CH,-C<), 4.09 (s, 2H,
CH,OH), 6.67 (d, 4H, Jyy = 6.1 Hz, 2,2'—-C¢H,-), 6.87 (d,
4H, Jyu = 6.2 Hz, 3,3'-C¢H,-).

3C NMR (79 MHz, C¢Dg): & —0.01 (SiCHj), 2.1
[Si(CH5)5], 14.1 (SiCH,-), 23.8 (Si-CH,—CH,-), 40.7
(>C;—-CH,-C;<), 55.6 (O-CH,—CH<), 58.3 (-CH,OH),
69.4 (O-CH,—CH<), 74.3 (-CH,~CH,~O-), 114.2 (HN-
2,2'-C¢Hy-), 129.8 (HN-3,3'-C¢H,—), 145.0 (>C—CHo—
C<), 147.2 (HN-C;<).

29Si NMR (60 MHz, C¢Dg): & —21.20 [-Si(CH3);], 7.33
(SiCH3).

FT-IR (cm_l): CH,-OH 3,372 (s, typical as a broad
band).

MS [FAB, m/z (%)] 871 (M™, 100).

Results and discussion

The reaction between epoxides and primary or secondary
amines is a general and very useful method for crosslinking
of epoxy resins and this is why we have employed it for the
production of hybrid materials by making use of epoxy
functional siloxanes. At the first stage, we have carried
out studies of a model crosslinking reaction between
monoepoxy trisiloxane and an appropriate diamine, as
shown in Scheme 1.

Due to relatively low molecular weight of products
formed, their isolation and spectroscopic analysis were
possible thus enabling to confirm their structure and to
determine yields of particular reactions. In order to estab-
lish the effect of the kind of amine on the process course,
we have applied four amines differing in the length and
kind of a linker between amino groups, namely 1,2-di-
aminoethane, 1,3-diaminopropane, 1,6-diaminohexane and
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Scheme 1 Crosslinking of monoepoxy trisiloxane with various diamines

4.,4'-diaminodiphenylmethane. 3-glycidoxypropyl-1,1,1,3,
5,5,5-heptamethyltrisiloxane was mixed with an appropri-
ate diamine at the ratio of 2:1. At the initial stage a slow
increase in temperature was observed, then the system was
heated up to about 110 °C and maintained at this temper-
ature until the process was completed, which was deter-
mined by means of FT-IR analysis (on the basis of a
decrease in the band at 2,100 cm”! originated from SiH) or
by means of GC analysis. The process was discontinued
when siloxane conversion exceeded 90% followed by
product isolation (by distilling off the excess of reactants)
and NMR, FT-IR and MS analyses. Conversions of parent
substances and yields of reaction products were listed in
Table 1.

It results from Table 1 that yields of products as well as
conversions of parent substances are similar. The higher
the diamine the slower the reaction, however, the differ-
ences are not large. It is known that in diamines each
proton (at nitrogen) is active for crosslinking of epoxides,
nevertheless, we have used a two-time excess of siloxane
(in moles) in order to obtain the product in accordance with
Scheme 1. The formation of such a product was confirmed
by the presence of signals originated from OH groups (in
the range of 3.91-4.09 ppm), which appeared as a result of
oxirane ring opening, and signals from NH groups (in the
range 2.84-2.96) in 'H NMR spectra. Moreover, mass
spectra of particular products recorded by using FAB
technique confirmed that molecular weights of the products
agree with theoretically predicted ones. Studies of the
model reaction enabled also to determine conditions under
which the process should be conducted in the further part
of research on the reaction of crosslinking between diepoxy
functional disiloxane and diamines shown in Scheme 2.

In Scheme 2, for the sake of simplification, the product
of reaction of one epoxy group with one proton from amine
group was shown, although in fact the stoichiometric ratio
of reactants ensured the reaction of each proton of amine
group with one epoxy group. After reactions were com-
pleted, light yellow, smooth, transparent solids were
obtained in each case. To determine energetic effects of

@ Springer
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Table 1 Conversions of parent substances and yields of products of
reactions between monoepoxy trisiloxane and diamines

Product Time/h Conversion of Conversion of Yield
diamine (%) siloxane (%)* (%)°
la 3 56 59 94
5 94 94
1b 3 53 52 94
6 92 93
1c 3 49 48 90
6 90 92
1d 3 43 40 88
8 90 90

# Conversion of siloxane was calculated on the basis of GC and
FT-IR analyses

® Isolated yield

processes investigated, DSC analysis was carried out for
reaction systems studied. DSC curves recorded during
three reactions that yield products 2a, 2b and 2d are shown
by way of illustration in Fig. 1.

All processes studied were exothermic and the higher
the diamine the higher reaction enthalpy. The enthalpies
determined on the basis of DSC measurements shown in
Fig. 1 were 320.1 J/g (2a), 398.1 J/g (2b) and 535.3 J/g
(2d) in the case of 1,2-diaminoethane, 1,3-diaminopropane
and 4,4’-diaminodiphenylmethane, respectively. The DSC
peak temperatures which were 150 and 148 °C for reac-
tions with 1,2-diaminoethane and 1,3-diaminopropane,
respectively, increased to 206 °C in the case of diamine of
a higher molecular weight such as 4,4’-diaminodiphenyl-
methane. This indicates that crosslinking in the presence of
the latter diamine is the most favourable from the energetic
point of view.

The production of a hybrid material with the use of
epoxy functional siloxanes can be carried out either by
conducting reactions with diamines (as presented above) or
by modifying epoxy resins. To compare properties of
materials studied (their thermal stability in particular),
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Scheme 2 Crosslinking of
diepoxy functional disiloxane 0
with various diamines

Me Me

I |
\>\/OwTi_O_Ti\/\/O\/<O + HoN-R-NH; ——

Me Me

o 5
] i i \)\/
. O\/\/ Tl (0] TIW O Il\I— R g )
Me Me H
n

Fig. 1 DSC curves recorded “exo
during crosslinking of 1,3-

bis(glycidoxypropyl)-1,1,3,3- 8
disiloxane in the presence 1,2- 1.64
diaminoethane (2a), 1,3- 1.4 4
diaminopropane (2b) and 4,4- 12
diaminodiphenylmethane (2d) _ ’
IO‘) 1.0 4
= os-
=
S 06
T 0.4+
I

] ]
N
> b o b

|
o
o

2a R= —(CHz)z—
2b R= —(CH2)3—
2¢ R = —(CHy)s—

a r- (0L

reactions of the classic monomer of epoxy resins, i.e.
diglycidyl ether bisphenol A with the same diamines were
carried out, as given in Scheme 3.

All products formed as a result of the above reactions
were yellow solids, however, only the product 3d was
smooth and transparent, whereas the remaining ones were
filled with bubbles in their whole bulk. The enthalpy of the
reaction with 4,4’-diaminodiphenylmethane (3d), 494.8 J/g
as determined by DSC (Fig. 2), is lower than that observed
for analogous reaction with diepoxy disiloxane (2d).

At the next stage of the study, mixtures of diepoxy
functional disiloxane and diglycidyl ether bisphenol A
were prepared at siloxane:epoxide mole ratio equal to 1 and
2, followed by crosslinking of the mixtures with diamines
according to Scheme 4.

100 1é0 140 160 180 200 220 240 260 280 300 320 340 360 380

Temperature/°C

S/ \_/ O~ /vo + H,N-R-NH,—>
of

/T ,R4-NH,
%76 OG- >
OHH

32 R= —(CHz)z—
3b R=—(CHy;y
3c R=—(CH,)s

3d R

Scheme 3 Reactions of diglycidyl ether of bisphenol A with
diamines
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Fig. 2 DSC curves recorded "exo
during crosslinking reactions of 18]
diepoxy disiloxane (2d), ’
diglycidyl ether of bisphenol A 161
(3d) and their mixture (4d) 1.4
carried out in the presence of 12
4,4’-diaminodiphenylmethane o
ICD :
Z 08
3 06
5 04
o}
T o2
0.0 1
-0.2
-0.4
-0.6

———3d
- 4d
2d

40 60 80 100 120 140 160 180 200 220 240 2é0 2230 300 SéO 340 360 380

Scheme 4 List of mixtures of
diepoxy disiloxane—diglycidyl
ether of bisphenol A prepared at
different mole ratios and
subjected to crosslinking with
diamines

n V\/O\/\/Sl’i_o_lsi/\/ox/? -

V\/OWQ_O\W

+ ¢) R =—(CHy)4—

Temperature/°C

4) n=1 a)R=—(CH,),

b) R = —(CH,);—

©

H,N-R-NH,

Again qualitatively the best products (smooth and
transparent solids) appeared to be 4d and 5d. DSC mea-
surements performed during the reactions of the siloxane—
epoxide mixtures have shown that the energetic effect was
in between that determined in the case of pure diepoxy
disiloxane and pure epoxy monomer (see Fig. 2). For
instance, in the case of 1:1 mixture (4d) the enthalpy of
crosslinking reaction is 528.0 J/g Table 2.

Taking into consideration the above results, one can draw a
conclusion that it is worth while to prepare hybrid materials
with the wuse of macromolecular epoxy functional
(poly)siloxanes crosslinked with diamines. To perform this
task we have applied two (poly)siloxanes of different length of
siloxane chain and different content of epoxy groups which
were subjected to crosslinking with diamines (see Scheme 5).

Similarly as it was in previous cases, also in this case
qualitatively the best materials (transparent and without
bubbles) were obtained only by reactions with 4,4’-diami-
nodiphenylmethane. DSC analysis has shown that enthal-
pies of reactions yielding in products 6d and 7d are close
one to another and equal to 285.9 and 260.3 J/g, respec-
tively (Fig. 3). They are considerably lower than that of the
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Me 5) n=2 a)R=—CHy,-
+ b) R = ~(CH,)s~
©) R =—~(CH,y)s

Table 2 Enthalpies (AH) determined for reactions of diepoxy disil-
oxane (2d), diglycidyl ether of bisphenol A (3d) and their mixture
(4d) with 4,4'-diaminodiphenylmethane used as a crosslinking agent

Sample Peak temperature/°C AH/J/g
3d 175 494.8
4d 191 528.0
2d 206 534.8

reaction with diepoxy disiloxane, however, values of epoxy
numbers of the starting epoxy functional (poly)siloxanes
(0.304 and 0.284 equiv/100 g, respectively) are signifi-
cantly lower (almost twice as low as the epoxy number of
diepoxy disiloxane which is equal to 0.534 equiv/100 g)
and this is why the energetic effect of the mentioned
reactions is proportionally smaller. On the other hand, peak
temperatures of reactions of the three systems are close to
one another and equal to 205 °C.

Of particular interest was a comparison of thermal stabil-
ities of all crosslinked materials. To determine them, ther-
mogravimetric analyses were performed for all samples
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Scheme 5 (Poly)siloxanes of
different siloxane chain lengths
(m) and different contents of
epoxy groups (n) subjected to
crosslinking with diamines

Fig. 3 DSC curves recorded

l\‘/le
—Si>O~SiMc + Ho,N-R-NH, ———
n

1421
6) m=50 n=25  a)R=—(CHy,
b) R = —(CH,)s—
¢) R =~(CHye—

y
Ve
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o b) R =—(CHy)3-
©) R =—(CHy)s~

"exo
during crosslinking reactions of =2d
. . 1.8 e Td
(poly)siloxanes of different
' . el e 6d
siloxane chain lengths and :
different contents of epoxy 1.4
groups with 4,4'- 1.
diaminodiphenylmethane
T_1.0
o>
2 o8]
=
O 06
T 04-
o}
T o2
0.0 4
-0.2 -
0.4+ — -
—0.6 - =t
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380

(labelled from 2 to 7). Already for the first samples exam-
ined (2a-2d) a clear parallelism was found between TGA
and DSC results. The enthalpy of the reaction yielding the
sample 2d was the highest and so was thermal stability of
the above sample. Figure 4 shows DTG curves for samples
2a-2d.

Peaks corresponding to weight loss of the above samples
occur at 375, 378, 389 and 400 °C (Fig. 4). A similar
sequence is observed for all the systems studied, including
the epoxy monomer. In the curve of the sample 2a, an
additional peak is observed at about 200 °C which most
likely originates from the release of diethylenetriamine
contained as a contamination in ethylenediamine. While
comparing thermal stability of pure epoxy resin (3d) with
that of pure crosslinked epoxy functional disiloxane (2d)
and thermal stabilities of mixed systems 4d and 5d one can
notice that the decomposition temperature, which is equal
to 375 °C in the case of pure epoxy resin, increases with
increasing contribution of siloxane fragment to the resin
composition as shown in Fig. 5.

Temperature/°C

DTG, %/°C

200 300 400 500

Temperature/°C

0 100 600

Fig. 4 DTG curves of products of crosslinking reactions of diepoxy
disiloxane with 1,2-diaminoethane (2a), 1,3-diaminopropane (2b),
1,6-diaminohexane (2¢) and 4.,4,-diaminodiphenylmethane (2d)

The most interesting conclusions can be drawn from ther-

mogravimetric analyses performed for materials obtained
from crosslinked epoxy functional (poly)siloxanes. In Fig. 6,
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2d
" 4d
F 5d o
S,
oI 8
S 3d
Xt
(5" [}
= |
o
i 2
1.0
L 1 1 L 1
0 100 200 300 400 500 600
Temperature/°C

Fig. 5 DTG curves of products of crosslinking reactions of diepoxy
disiloxane (2d), diglycidyl ether of bisphenol A (3d) and their
mixtures prepared at the ratios of diepoxy disiloxane to diglycidyl
ether of bisphenol A equal to 1:1 (4d) and 2:1 (5d) carried out in the
presence of 4,4'-diaminodiphenylmethane
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Fig. 6 DTG curves recorded during crosslinking reactions of
(poly)siloxanes of different siloxane chain lengths and different
contents of epoxy groups with 4,4'-diaminodiphenylmethane

we have compared thermal stabilities (represented by DTG
curves) of epoxy resin crosslinked with 4,4'-diaminodiphen-
ylmethane (3d), epoxy functional disiloxane (2d) and two
epoxy functional polysiloxanes 6d and 7d.

Peaks in DTG curves juxtaposed in Fig. 6 indicate that
thermal decomposition temperatures of crosslinked sam-
ples based on epoxy functional (poly)siloxanes (430 and
432 °C for samples 7d and 6d, respectively) are consid-
erably higher than those of pure epoxy resin and pure
epoxy functional disiloxane (375 and 400 °C for samples
3d and 2d, respectively).

Taking into consideration that most of samples investi-
gated decompose near 400 °C, we have juxtaposed weight
losses of all crosslinked samples just at the above tem-
perature. Juxtapositions of weight loss data recorded at
400 °C in nitrogen flow are given in Fig. 7.

It results from Fig. 7 that from among all samples
those crosslinked with 4,4'-diaminodiphenylmethane
(d samples) are the most thermally stable. Compared to
samples based on pure epoxy resin (3a-3d), most of
analogous samples based on pure epoxy functional
siloxanes and polysiloxanes as well as mixed system
samples (except for 2a and 2b) were characterised by a
higher thermal stability (as indicated by a smaller weight
loss). The introduction of siloxane fragments into epoxy
resin (samples 4 and 5) improved the thermal stability,
however, a better effect (over twice as high thermal sta-
bility) was obtained in the case of hybrid materials based
on epoxy functional polysiloxanes (samples 6 and 7).
After completion of each thermogravimetric analysis, a
black char residue was found on the thermobalance pan.
The greatest amounts of the residue were formed in the
case of polysiloxane-based hybrid materials, particularly
in that of samples labelled 7.

Fig. 7 Weight loss of 100 -
crosslinked samples occurring

at 400 °C in nitrogen

Weight loss/%

2a 2b 2c 2d 3a 3b 3c 3d 4a 4b 4c 4d 5a 5b 5¢ 5d 6a 6b 6¢c 6d 7a 7b 7c 7d

@ Springer

Sample



Thermal stability of hybrid materials

1423

Conclusions

The obtained results have shown that epoxy functional
siloxanes and polysiloxanes are very good precursors of
hybrid materials. Studies of the model reaction of cross-
linking between monoepoxy trisiloxane and diamines
enabled to determine reaction conditions as well as to
isolate and to fully characterise four reaction products by
spectroscopic methods. Both the modification of epoxy
resins with epoxy functional disiloxanes as well as the
application of polysiloxanes with long polysiloxane chains
and a specified content of epoxy groups make it possible to
produce hybrid materials of very good thermal stability.
One of the best crosslinking agents appeared to be 4,4'-
diaminodiphenylmethane. In the presence of the latter
compound, smooth, transparent and homogeneous coatings
of high thermal stability were obtained in all cases studied.
Moreover, DSC measurements have shown that crosslink-
ing reactions carried out with the use of the above amino
compound are characterised by the highest energetic effect
from among the systems investigated. The highest thermal
stability was found in the case of hybrid materials obtained
from epoxy functional polysiloxanes.
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