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Abstract Effect of amines on an in situ silica generation in
natural rubber was investigated, and n-hexylamine, n-hep-
tylamine and n-octylamine were found to increase the in situ
silica content. The nanometer sized silica particles up to ca.
80 parts per hundred rubber by weight were generated in situ
in the rubber matrix via a sol—gel reaction of tetraethoxy-
silane. Additionally, dispersion of the silica in the rubbery
matrix was more homogeneous than that of commercial
silica dispersed by a conventional mechanical mixing. In
this in situ silica generation, the polarity and solubility in
water of amine were influential factors for controlling the in
situ silica content in the rubbery matrix. The obtained high
in situ silica filled natural rubber was useful to prepare high
performance nanocomposite elastomers.
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1 Introduction

Recently, in situ silica generation has been widely focused
as one of the preparation methods for nanocomposites of
silica particle and polymers. In the field of soft materials,
in situ silica/rubber nanocomposites are expected to afford
a high performance elastomer. In addition, the in situ sil-
ica/rubber systems are of use in order to clarify a
reinforcement effect on rubber, because the nanometer
sized silica particles can be dispersed in the rubbery matrix
more homogeneously by this method comparing with a
conventional mechanical mixing [1, 2]. A pioneered work
of the in situ silica generation was carried out by Mark
et al. [3], where a sol-gel reaction of tetraethoxysilane
(TEOS) was conducted in a crosslinked silicone rubber. In
general, the sol—gel reaction of TEOS takes place into two
steps, the hydrolysis and the condensation reactions, to
generate SiO, at low temperature [4—6]. The application of
in situ silica has been expanded to conventional rubbers
since this method was found to be useful for preparing the
in situ silica filled styrene-butadiene rubber vulcanizates
[7-9]. Crosslinked rubber materials prepared from butadi-
ene rubber [10], epoxidized natural rubber [11] and nitrile
rubber [12] also have been subjected to the in situ silica
generation. Besides these networks, rubber latexes have
also been used for the preparation of rubbery nanocom-
posites using the sol-gel reaction of TEOS [13, 14]. In
addition, several studies have been reported on the chem-
ical modification of rubber molecules by introducing
ethoxysilyl groups and the network formation by their sol—
gel reaction [15-18].

For further development of this in situ silica generation
in the rubber matrix, i.e., in situ silica filling into rubbers by
using the sol—gel reaction, the reaction is to be conducted in
the uncrosslinked rubbery matrix as well as in the rubber
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latex. In addition, the reaction conditions for controlling
in situ silica content and its size are to be elucidated. The
former problem has been solved in our previous studies [19,
20], but the yield of in situ generated silica has not been so
high, i.e., less than ca. 45 parts per hundred rubber by
weight (phr) [21]. Recently, we have communicated on high
silica generation in situ in natural rubber (NR) matrix [22,
23]. In this paper, the details are reported together with the
speculated mechanism of generation of in situ silica parti-
cles in the TEOS-swollen NR matrix.

2 Experimental
2.1 Materials

NR used was a ribbed smoked sheet (RSS) No.1. TEOS and
catalysts (n-butylamine, n-hexylamine, n-heptylamine, n-
octylamine, cethylamine, dipropylamine and triethylamine)
were purchased from Wako Pure Chemical Industries, Ltd.
All reagents for in situ silica generation were reagent grade
purity and used as received. The solubility of amines in
water [24] is shown in Table 1. The crosslinking reagents
for crosslinking were sulfur, N-cyclohexyl-2-benzothiazole
sulfonamide (CBS), active zinc oxide and stearic acid.
Nipsil VN-3 from Nippon Silica Ind. Co., whose specific
surface area was ca. 200 mz/g, was used as commercially
available silica for the preparation of reference sample by a
conventional milling. Diethylene glycol (DEG) was used
for mixing VN-3 with rubber. All reagents for the vulca-
nization were commercial grade ones.

2.2 Preparation of in situ silica generated NR by sol—
gel method

NR sheets of ca. I mm thickness were prepared by a two-
roll mill. The NR sheets were immersed in TEOS at

Table 1 Solubility in water of amines

Catalyst Solubility in water at 25 °C*

(g (mol/g)
n-Butylamine 1.00 x 10°® 137 x 107°
n-Hexylamine 1.20 x 10 1.19 x 107*
n-Heptylamine 6.79 591 x 1077
n-Octylamine 2.00 x 107! 1.55 x 107¢
Cethylamine 483 x 107 2.01 x 107°
Dipropylamine 3.51 x 10 3.48 x 1074
Triethylamine 7.37 x 10 731 x 1074
* Ref. 24
® At 20 °C
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40 °C for 1 h and then 25 °C for 16 h. The swollen NR
sheets were further immersed in the aqueous solution of
catalyst at 40 °C for 72 h in order to conduct the sol-gel
reaction of TEOS. The amount of water in the aqueous
solution was 5 times of the amount of TEOS obtained in
the swollen NR sheets. The products were dried under
vacuum at 40 °C until the weight of samples was con-
stant. In order to investigate the effect of catalyst on the
sol-gel reaction, amines and their concentration were
varied. The conditions of the sol-gel reaction of TEOS in
NR are summarized in Table 2. For investigating the
effect of reaction time on the in situ silica content, the
sheets of 5.5 mm x 2 mm x ca.l mm were subjected to
the sol-gel processing, where the concentration of amines
was set 0.096 mol/l.

2.3 Thermogravimetry

In situ silica contents in the products were measured by
thermogravimetric analysis (TGA) using a Rigaku Thermal
Analyzer Thermoflex TG8110. The sample was placed in a
platinum pan and heated up to 1,000 °C under air. The
amount of the sample was ca.100 mg and the heating rate
was 10 °C/min.

2.4 Transmission electron microscopy (TEM)

Ultra thin films of each specimen were prepared using a
MT-XL Ultramicrotome (Boeckeler Instrument, Inc.), and
placed on a copper grid which was coated by carbon. Then,
the images of TEM were obtained with a transmission
electron JEOL TEM-100U instrument. The accelerating
voltage was 80 kV.

2.5 Preparation of in situ silica filled nanocomposite
elastomer

The in situ silica generated NR of Exp. 6 in Table 2 was
mixed with crosslinking reagents by a conventional mill-
ing. The recipe is shown in Table 3. All ingredients were
mixed on a two-roll mill at r.t. Then, the rubber compound
was molded to obtain the vulcanized sheet (NR-71Si) of ca.
1 mm thickness by pressing at 140 °C for 9 min. Before
the heat-pressing, a crosslinking reaction of the compound
was monitored using a curemeter (Curelastometer III, JSR
Co.) at 140 °C in order to determine the adequate cross-
linking time. As a reference sample, commercial silica
(VN-3) filled NR vulcanizate (NR-71VN) was prepared by
a conventional method, whose silica content was 71 phr. In
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Table 2 Conditions of sol-gel reaction for generation of in situ silica in uncrosslinked NR matrix
Exp. no  Swelling in TEOS Catalyst Sol-gel reaction in aqueous Conversion  In situ Average
solution of catalyst of silica particle
- - TEOS (%)  content"  size®
NR  Temp. Time Degrt?e of Conc. of Temp. Time (phr®) (nm)
(€3] (°C) (h) swelling catalyst (°C) (h)
(%) (mol/1)
1 37 40+25 1416 347 n-Butylamine 0.096 40 72 40 40 34
2 36 40425 1416 352 n-Hexylamine  0.096 40 72 77 78 46
3 36 40+25 1416 361 n-Octylamine 0.096 40 72 74 77 45
4 35 40425 1416 367 Dipropylamine  0.096 40 72 39 41 33
5 34 40+25 1416 340 Triethylamine ~ 0.096 40 72 13 13 17-67
6 37 40+25 1416 352 n-Hexylamine  0.064 40 72 70 71 46
7 37 40+25 1416 366 n-Hexylamine  0.032 40 72 62 65 42
8 23 40425 1416 345 n-Hexylamine  0.016 40 72 53 53 30
9 28 40425 1+16 344 n-Hexylamine  0.008 40 72 24 24 26

? Measured by TGA
° Part per one hundred rubber by weight
¢ Measured by TEM

the preparation of NR-71VN, diethylene glycol was added
as shown in Table 3 to decrease the negative effect of silica
surface on the crosslinking reaction. The heat-pressing was
conducted for 16 min at 140 °C. Network-chain density of
the samples was determined by the micro-compression
method [25, 26] using a Thermo-Mechanical Analyzer
(TMAG60 of Shimadzu Co.). The small specimen with a size
of 2 mm X 2 mm x ca.l mm was soaked in toluene for
24 h at 25 °C. Then, the swollen sample was compressed
by loading at 100 g/min.

2.6 Tensile measurement

Tensile properties of the vulcanized samples were per-
formed with a tensile tester (Autograph, Shimadzu Co.).
The measurements were carried out by using tensile speed
of 20 mm/min at r.t. Ring-shaped samples were subjected
to the measurement, whose outside and inside diameters
were 13.7 and 11.7 mm, respectively.

Table 3 Recipe of rubber compounds in phr®

3 Results and discussion

3.1 Effect of amines on in situ silica generation in NR
matrix

In order to increase the amount of in situ silica in the
rubbery matrix, we have studied a few reaction conditions
of the sol-gel process, and the amount of generated in situ
silica was found to significantly depend on the amount of
TEOS in the swollen samples. The maximum of in situ
silica content, however, was ca.45 phr, when n-butylamine
was used as a catalyst in the sol-gel reaction of TEOS in
NR matrix [21]. Thus, effect of amines was investigated for
increasing the amount of in situ silica in this study. For the
quantitative discussion, the swelling degree of NR in TEOS
was set in the range of 344-367% as shown in Table 2. In
searching a good catalyst for a higher in situ silica gener-
ation, two points are considered; one is polarity and the
other is basicity of the catalyst. The former may be
important to transport the catalyst smoothly into the TEOS-

Sample code NR In situ silica filled NR VN-3° DEG*® Stearic acid Active ZnO CBS* Sulfur
NR-71Si - 171 - - 2.0 1.0 1.0 1.5
NR-71VN 100 - 71 43 2.0 1.0 1.0 1.5

 Part per one hundred rubber by weight

" Nipsil VN-3

¢ Diethylene glycol

4 N-Cyclohexyl-2-benzothiazole sulfonamide
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swollen matrix from the aqueous solution of catalyst. It is
because the reaction system in this study is composed of
two phases, i.e., a hydrophobic part of TEOS-swollen NR
matrix and a hydrophilic part of aqueous solution of cata-
lyst. The basic catalyst is preferable to promote the three
dimensional growth of Si—O-Si linkage [6]. Thus, the
effect of methylene group of primary alkylamines was
investigated in this Section.

Effect of primary amines on the yield of generated in
situ silica is shown in Table 2, where n-butylamine, n-
hexylamine and n-octylamine are compared. It is noted that
increase of the methylene unit in the primary amine from 4
(n-butylamine) up to 8 (n-octylamine) gave a significant
increase of in situ silica content in the uncosslinked NR
matrix at the catalyst concentration of 0.096 mol/l. The
long hydrocarbon chain of primary amine promoted the
in situ silica generation in NR matrix. The difference
between n-hexylamine and n-octylamine was not much
significant.

Effect of type of amine on the sol-gel reaction of TEOS
is also investigated, where primary, secondary and tertiary
amines of the same molar mass (101.19 g/mol) are com-
pared: They are n-hexylamine, dipropylamine and
triethylamine, and the experimental conditions are shown
in Exps. 2, 4 and 5 of Table 2. It is clearly observed that the
highest amount of in situ silica in the uncrosslinked NR
matrix was obtained by using n-hexylamine, and the silica
content significantly decreased by using dipropylamine and
triethylamine. The in situ silica content by secondary
amine was one-half, and that by tertiary amine was one-
sixth compared with that of primary amine. These results
suggest that the polarity and the steric factor of amine
molecules remarkably influence the sol-gel reaction of
TEOS in NR matrix under the experimental conditions of
this study. The polarity affects the penetration of amine
into the TEOS-swollen NR, because the matrix was
hydrophobic. The lower the polarity of the catalyst was, the
larger the amount of catalyst that has migrated into the
rubbery matrix. Generally, the polarity of amine decreases
with the increase of length of hydrocarbon chain in primary
amines and it decreases as follow; primary amine > sec-
ondary amine > tertiary amine [27]. In secondary and
tertiary amines, not only polarity but also steric hindrance
may contribute to the lower transportation to the rubbery
matrix. Thus, the low polarity accelerated the migration of
amine into the TEOS-swollen NR matrix from the aqueous
solution of catalyst, which must have promoted the sol-gel
reaction of TEOS to generate in situ silica of high content.
The details on the effect of steric factor will be discussed
with the results of TEM observation in the Sect. 3.4.

Here, we also consider difference of solubility of amines
in water, because amines were dissolved in water before
the sol-gel reaction of TEOS. The solubility in water of
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amines used in this study is summarized in Table 1. The
solubility in water decreases with the increase of methylene
group of the primary amines and it decreases as follows;
primary amine > secondary amine > tertiary amine. These
orders are in good agreement with the amount of in situ
silica content in the products, i.e., the smaller the solubility
in water was, the larger the amount of in situ silica among
the amines shown in Table 2. However, it is noted that the
amount of in situ silica generation decreased when ceth-
ylamine (CH3(CH,),;sINH;) was used as a catalyst for the
sol—gel process, although its polarity is lower than that of
n-octylamine. Most of cethylamine floated on the aqueous
solution in the experiment, and in situ silica particles were
mainly generated on the surface of NR sample. Namely,
these results showed that the homogeneous generation of
in situ silica in NR matrix did not occur when cethylamine
was used. Thus, the results by cethylamine are not included
in Table 2. This observation clearly suggests adequate
solubility of primary amine in water is also important for
the high in situ silica generation in the rubbery matrix.

3.2 Effect of reaction time on in situ silica generation
in NR matrix

Effect of reaction time on the amount of generated in situ
silica was investigated, where small rubber sheets were
taken from the reaction vessel at each reaction time. In
Fig. 1, the relationship between the reaction time and the
amount of in situ generated silica is displayed for the
systems using n-hexylamine, n-heptylamine and n-octyl-
amine. It is worth noting that the maximum in situ silica
content was attained within ca.10 h in all systems. It is
found that the use of these primary alkylamines results in
not only the increase of in situ silica content but also the
acceleration of the sol-gel reaction, which are preferable
for the practical application of this method into rubber.
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Fig. 1 Effect of reaction time on in situ silica content. @: n-
Hexylamine, A: n-heptylamine, B: n-octylamine
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Fig. 2 Effect of concentration of n-hexylamine on in situ silica
content

3.3 Effect of n-hexylamine concentration on in situ
silica generation in NR matrix

Effect of the n-hexylamine concentration on the conversion
of TEOS and the silica content is shown in Table 2 (Exp. 2,
6-9) and Fig. 2. Since the solubility in water of n-hexyl-
amine is higher than those of n-heptylamine and n-
octylamine, n-hexylamine afforded a more homogeneous
reaction system. Thus, n-hexylamine was further subjected
to the investigation. The amount of generated in situ silica
increased with the increase of n-hexylamine concentration.
The yield increased significantly at the lower concentration
of the catalyst, but it seemed to attain an asymptotic value
of ca.80 phr at the high concentration as shown in Fig. 2.
This result suggests that the rate of sol-gel reaction
increased with increasing the concentration of n-hexyl-
amine. However, the reaction may have reached
equilibrium when the catalyst concentration was sufficient
for the reaction of TEOS under the present reaction con-
ditions. It is also observed that the aqueous solution was
clear throughout the sol-gel reaction, when the concen-
tration of n-hexylamine was set at less than 0.096 mol/l.
TEOS in the rubbery matrix was suggested to migrate to
the aqueous solution of catalyst when its concentration was
higher than a certain value. Thus, 0.064 mol/l aqueous
solution of n-hexylamine is concluded to be the most
adequate for the effective generation of in situ silica in the
rubbery matrix.

3.4 Morphologies of in situ silica in NR as revealed by
TEM

For the in situ silica generation in rubbery matrix, a study
on morphology of the in situ silica particles in the matrix is
important, because not only the content and the particle
size but also the dispersion of silica particles significantly
influences the properties of the nanocomposite elastomers.

Figure 3a—d shows the TEM photographs of in situ silica
particles generated in the uncrosslinked NR matrix by
using n-hexylamine with various concentrations. Fig-
ure 3e—h show the particles generated by n-octylamine, n-
butylamine, dipropylamine and triethylamine, respec-
tively, at the same concentration of 0.096 mol/l. The
particle size of in situ silica for all samples is summarized
in Table 2, where the accuracy on the measurement was
governed by the experimental error. All in situ silica
particles were generated in the level of nanometer size and
they were in the spherical shape with the relatively
homogeneous particle size except in the case of triethyl-
amine. From Fig. 3a—d, it is obvious that the particle size
of in situ silica tended to increase with the increase of
concentration of n-hexylamine, which was in good
agreement with those of the previous studies using the
different catalysts [21, 28]. Comparing with the dispersion
of silica particles by mechanically mixing, fairly homo-
geneous dispersion of in situ silica particles in NR matrix
was also observed in their TEM photographs. The com-
parison of TEM images by using various kinds of catalysts
at the same concentration of 0.096 mol/l indicates that the
reaction by n-hexylamine and n-octylamine gave more
homogeneous dispersion of silica than that of n-butyl-
amine. The silica aggregates became larger by using
dipropylamine and triethylamine. Especially, in the case of
triethylamine, the various sizes of in situ silica particle
were generated and fused further into aggregates as shown
in Fig. 3h.

3.5 Mechanism of formation of in situ silica particles
by the sol—gel reaction in rubbery matrix

The mechanism of generation of in situ silica particles of
high content in NR matrix is proposed as follows. The
primary alkylamines with long hydrocarbon segments are
estimated to form reverse micelles like a surfactant in the
TEOS-swollen NR matrix [29, 30] as shown in Fig. 4 on
the basis of observation by TEM photographs. Inside of the
reverse micelles, water seems to be capsulated. In the
interface between the reverse micelles and the aqueous
solution of catalyst, the hydrolysis reaction of TEOS is
speculated to occur followed by the generation of hydro-
philic products with silanol groups. The products may
migrate into the reverse micelles, and the condensation
reaction of the silanol groups may progress to generate
spherical silica in the reverse micelles. The reverse
micelles formed by primary alkylamine with a long
hydrocarbon segment may have a repulsive interaction
with each other to result in homogeneous dispersion of
silica particles in the TEOS-swollen rubber matrix. The
stability of reverse micelles must be higher in alkylamines
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Fig. 3 TEM images of in situ
silica in uncured NR matrix (a)
n-hexylamine 0.008 mol/l, (b)
n-hexylamine 0.016 mol/l, (c)
n-hexylamine 0.064 mol/l, (d)
n-hexylamine 0.096 mol/l, (e)
n-octylamine 0.096 mol/l, (f) n-
butylamine 0.096 mol/l, (g)
dipropylamine 0.096 mol/l, (h)
triethylamine 0.096 mol/l. The
horizontal bar corresponds to
100 nm

with longer primary chain and less branched structure
among the catalysts in Table 2. These factors are specu-
lated to bring about the more homogeneous spherical and
nanometer sized silica particles in the NR matrix. The in
situ silica content must also be influenced by the stability of
reverse micelles. In addition, a supply of water into the
TEOS-swollen NR matrix is important in order to increase
the in situ silica content, because water is necessary to
progress the sol-gel reaction of TEOS. The reverse
micelles seem to play a role to transport water when they

@ Springer

migrate from the aqueous solution of catalyst into the
TEOS-swollen NR matrix.

Generally, the size of reverse micelles was reported to
be dependent on the molar ratio between a surfactant and
water, i.e., the higher the molar ratio of surfactant, the
smaller the size of reverse micelles [31]. In this study,
however, both size and content of the in situ silica particles
were increased with the increase of concentration of cata-
lyst, when molar ratio of n-hexylamine in water was valid
as shown in Table 2. Since alkylamines were used in this
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TEOS-swollen NR matrix

Amino group

i

Primary amine T <«— Long hydrocarbon
segment

Fig. 4 Speculated formation of in situ silica in TEOS-swollen NR
matrix by primary alkylamine with long hydrocarbon segment

study, the amino group catalyzed to promote the sol-gel
reaction of TEOS to generate in situ silica particles. Thus,
the larger silica content and size were achieved by
increasing the amount of n-hexylamine in the range of
catalyst concentration studied here.

3.6 Tensile properties of in situ silica filled NR
nanocomposites

Tensile stress-strain curve of in situ silica filled nano-
composite elastomer (NR-718Si) prepared from the sample

Fig. 6 TEM photographs of
in situ silica and commercial
silica filled NR vulcanizates

NR-71Si

10

Stress (MPa)

0 1 1 1 1 1 1
0 100 200 300 400 500 600 700

Elongation (%)

Fig. 5 Stress-elongation curves of in situ silica and commercial
silica filled NR vulcanizates. @: NR-71Si,—: NR-71VN

(Exp. 6 in Table 2) is shown in Fig. 5. As a reference,
tensile stress-strain curve of commercial silica VN-3 filled
NR vulcanizate (NR-71VN) is displayed in this figure. It is
clear that in situ silica filled sample showed the lower
stress at the elongation up to ca. 200% and higher stress at
the elongation beyond ca.200% even thought the network-
chain densities of these samples were comparable
(7.60 x 10~° mol/cm? for NR-71Si and 7.21 x 10> mol/
cm® for NR-71VN). The former observation suggests the
better dispersion of in situ silica particles than that of VN-3
silica in the NR matrix, which was confirmed by TEM as
shown in Fig. 6. In fact, the high modulus at low elonga-
tion for conventional silica filled rubber has been assumed
to be due to the formation of larger aggregates of silica.
The latter observation is ascribable to the stronger
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interaction between in situ silica particle and NR mole-
cules to increase the tensile stress. The high in situ silica
generation gave an excellent reinforcement effect on NR
vulcanizate. Not only the direct use but also the diluted use
of the obtained high in situ silica filled NR was available to
prepare the various kinds of NR nanocomposite elastomers.
The detail will be reported elsewhere in near future.

4 Conclusions

The effects of amine catalyst and its reaction condition on
the sol-gel reaction of TEOS in the uncrosslinked NR
matrix were investigated in detail aiming to obtain a high
in situ silica generation in NR. The polarity of amine was
important for controlling the in situ silica generation in
rubbery matrix. The primary alkylamines with pertinent
hydrocarbon segments, i.e., n-hexylamine, n-heptylamine
and n-octylamine, gave the high contents up to ca.80 phr of
homogeneous in situ silica particles in NR matrix with
fairly homogeneous dispersion within the reaction time of
ca.10 h. The amount of in situ silica increased with the
increase of concentration of n-hexylamine. Due to the
higher solubility in water, n-hexylamine was found to be
the most preferable catalyst for the effective in situ silica
generation. The high performance nanocomposite elasto-
mer was prepared from the high in situ silica filled NR
even by using a sulfur crosslinking system without dieth-
ylene glycol. This method will be useful as a new
technology for development of soft matters.
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