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Seed polymerization of tetraethyl
ortho-silicate in the presence of rod-like
colloidal particles of anionic palygorskite
and cationic f-FeO(OH)

Abstract Kinetic analyses were
made of the seed polymerization of
tetraethyl ortho-silicate (TEOS) in
the presence of rod-like colloidal
particles of palygorskite and cationic
p-FeO(OH) by turbidity and
dynamic light-scattering measure-
ments. Transmission electron
microscopic measurements sup-
ported the formation of core-shell
particles. The seed polymerization of
TEOS took place exclusively on the
surfaces of palygorskite. The main
cause of the observation is due to the
fact that the main component of
palygorskite is SiO, and the affinity
between palygorskite and TEOS is
high, though the electrostatic repul-
sion between them is not favorable
for shell formation. The shell

formation of silica on a f-FeO(OH)
particle also proceeded. The elec-
trostatic attraction forces between
the anionic polar TEOS monomers
and cationic -FeO(OH) particles
played an important role in shell
formation. These results are consis-
tent with a polymerization mecha-
nism consisting of the formation of
small preliminary particles followed
by their coalescence on the surfaces
of the seeds to give the final large
particles coated with silica layers.
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Introduction

Monodispersed colloidal particles have provided most
of the exciting and essential samples for studies in the
field of colloidal science. The main purpose of this series
of work is to synthesize hydrophilic and stable colloidal
particles of any size and shape. As is well known, col-
loidal silica spheres are highly hydrophilic and disperse
nicely without coagulation in water, especially in the
deionized state with the coexistence of mixed beds of
cation- and anion-exchange resins. However, syntheses
of monodispersed and isotropic-shaped particles of sil-
ica are extremely difficult.

Aqueous suspensions of monodispersed polystyrene
spheres having various sizes have been synthesized

successfully and used in fundamental scientific research
and also in industry. These spheres, however, are
highly hydrophobic in water and apt to coagulate,
especially when they contact hydrophobic substances
such as air and plates made from poly(methyl meth-
acrylate). On the other hand, colloidal particles of
sparingly water-soluble electrolytic metal complexes
such as tungstic acid (plate-like) and nickel dim-
ethylglyoxime particles (rod-like) are highly monodi-
spersed and anisotropic shaped. However, they
dissociate into ionic species though their amount is
very tiny, and are exchanged with H® and OH™ ions
by the coexisting ion-exchange resins, resulting in the
disappearance of the particles within several weeks!
Furthermore, many biological substances are known
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to be monodispersed in their size and shape. A typical
example of them is tobacco mosaic virus. However,
the shape is not so stable in aqueous media, with the
denaturation processes accompanied by conforma-
tional change. Taking account of these situations,
polymerization reactions of monodispersed and stable
colloidal spheres were obtained in our laboratory by
coating seed particles of silica [1] and polystyrene
spheres [2] with silica layers. In this report, seed
polymerization of tetracthyl ortho-silicate (TEOS) on
the surfaces of rod-like particles of palygorskite and
p-FeO(OH) is described in detail.

There have been significant developments in tech-
niques for colloidal silica synthesis and these have
been accompanied by recent advances in the sol-gel
method in the field of fine ceramics [3, 4, 5]. The
synthesis of colloidal silica was first reported by Sto-
ber et al. [6] in 1968, and was studied further by
several researchers [7, 8, 9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20]. The polymerization reaction is com-
posed of the hydrolysis of silicate, Eq. 1, and then
dehydration accompanied by three-dimensional cross-
linking, Eq. 2.

Si(OC,Hs), + 4H,0 — (OH), + 4C,HsOH (1)

(2)

According to Shimohira and coworkers [9, 21] the
primary small particles are formed first during an
induction period, at the beginning of the reaction.
Their critical size was estimated to be 10 to 20 nm [9].
The growing process with coalescence of the primary
particles then follows, and the final silica spheres are
formed.

Shimohira et al. proposed that the sixth-order of
sphere size increases linearly with reaction time. It is
recalled that the Lifshitz—Slyozov—Wagner theory
supports the second- and third-order relations for the
surface reaction-controlled and diffusion-controlled
mechanisms, respectively [22]. Furthermore, fourth-
and fifth-order relations have been proposed for the
surface diffusion and the diffusion accompanied by
dislocation in the cases of ceramics and metal forma-
tions, respectively [22, 23]. Several experiments, how-
ever, supported the sixth- or seventh-order relations
[24, 25, 26], and theoretical explanation of the rela-
tionship was not so successful. Recently, a small-angle
X-ray scattering study [20] revealed that after an
induction period, the first particles to appear in the
solution have a radius of gyration of ca. 10 nm and
are mass fractals characterized by their polymeric
open structure. The report did not support the growth
model proposed so far by Shimohira and coworkers,
for example. Ogihara [27] reviewed recent advances in
the syntheses of colloidal silica spheres. We should
note here that the kinetic mechanism of the formation

=SiIOH+HO-Si=—-=S1—-0-Si=+ H;0

reaction of the colloidal silica spheres from TEOS was
studied in normal gravity [28] and also in microgravity
[29].

Experimental

Materials

Palygorskite was a present from Professor Dr. Maria Stoimenova,
Institute of Physical Chemistry, Bulgarian Academy of Science,
Sofia, Bulgaria. The length and the thickness were 222 and 19 nm,
respectively. The {-potential was —34.2 mV in water. The colloidal
sample was deionized by coexistence with a mixed bed of cation-
and anion-exchange resins [Bio-Rad, AG501-X8(D), 20-50 mesh]
for more than 3 years before use.

Iron(Ill) oxide hydroxide, f-FeO(OH), particles (70 nm in
length, 10 nm in thickness) were prepared by the very slow oxi-
dation of a diluted aqueous solution of ferrous chloride kept at
room temperature for 11 years [30]. The {-potential was +48.4 mV
in water. The bottom layer of the stock suspension showed iri-
descent colors by Bragg diffraction from the array of rod-like
particles.

Tetraethyl ortho-silicate (TEOS) was guaranteed grade and
purchased from Wako Pure Chemicals (Osaka). Ethanol
(C,H50H, 99.5%) and ammonia (NHj, 25%) were the most
purified grade reagents commercially available and were obtained
from Wako Chemicals. The water used for sample preparation was
purified by a Milli-Q reagent-grade system (Milli-ROS5 plus and
Milli-Q plus, Millipore, Bedford, MA).

Electrophoretic light-scattering measurements

The {-potentials of the particles were measured on an electropho-
retic spectrophotometer (ELS 8000, Otsuka Electronics, Osaka) at
25+0.02 °C.

Turbidity measurements

Turbidity, i.e., absorbance, was taken on a spectrophotometer
(Beckmann, DU650). Quartz optical cells (10x10x70 mm
high) with long necks and screw caps were used for the kinetic
turbidity measurements. The reaction was started by adding 1 mL
TEOS in ethanol to the mixtures of ammonia and the seed particles
in ethanol. Then the increase in the absorbance at 600 nm was
measured.

Transmission electron microscopic measurements

The suspension (0.1 mL) was dried on a collodion mesh at room
temperature before the transmission electron microscope (TEM,
Hitachi, H8100) measurements.

Methods

Polymerization rates were obtained from the turbidity measure-
ments. The total absorbance value, A4, consists of the solvent
absorption (A4), the absorption from the particle formed (4,,), and
the light scattering at 6 (scattering angle) =0 (4y), i.e., Eq. 3 [1, 2].

A=A0+AP7AS (3)



1343

The A, term arising from the colloidal particles formed in the seed
polymerization should increase linearly with increasing volume of
the particle as:

A, o« Nid* (4)
where N is the number of spheres formed in the reaction, and /
and d are the length and the diameter of the rod particles,
respectively. Equation 5 is derived using Eq. 4:
Ap = Ashell +Aseed x le (5)
Here, Agnen and Agq denote the absorbance contributed by the
coated layers of silica and that from the seeds themselves.

It should be noted here that Eq. 3 holds only when the

absorption dominates the scattering. When the latter is the case,
Alr,ochzd4 holds. The light-scattering term, A, is further approxi-
mated by Eq. 6,
Ay ocIn (I X I + 1) (6)
where I, is the intensity of the scattered light from the particle
form factor at #=0 and I; is the intensity of scattered light
contributed by the interference factor at 6=0. This term reflects
the particle distribution in the reaction mixtures. 7, is the mul-
tiple-scattering term and is important especially in the final stage
of the polymerization reaction, where large particles grow. The /
(or d) value and the reaction rate, v, given by the growth rate of
the particle size are, therefore, approximated very roughly by
Egs. 7 and 8, respectively, especially at the beginning of the
polymerization reaction. However, it is highly plausible that the
densities of the seed and the shell layer differ and the absorption
should change with time. Thus, we should note that the analyses
using Eqs. 7 and 8 are not so reliable and contain rather large
eITors.

I(or d) AI',/3

v=dl/dr ocd4)’ /dt

Results and discussion

Seed polymerization of TEOS in the presence
of anionic palygorskite particles

Figure 1 shows typical examples of the turbidity mea-
surements for the seed polymerization reaction of TEOS
in the presence of palygorskite (PGK) particles. The
concentration of the seed particles ranges from zero to
0.001 vol%. Clearly, the reaction suspension became
more turbid and the polymerization rate of TEOS in-
creased as PGK concentration increased.

Figure 2 shows the term /4;,1/3—Aseed”3 as a function
of time. Clearly, the induction time, 7, was zero in the
presence of a large amount of palygorskite irrespective
of the seed concentration, though ¢ was observed in the
absence of the seed particles. This observation supports
strongly the view that the polymerization of TEOS
proceeded exclusively on the surfaces of the seed
spheres.

The polymerization rates of TEOS from the turbidity
measurements shown in Fig. 3 were estimated using
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Fig. 1 Turbidity measurements in the course of seed polymeriza-
tion of TEOS in the presence of palygorskite at 25 °C.
[TEOS]=0.5 vol%, [NH3]=3.0 wt%, at 600 nm; O:
[PGK]=0 vol%, x: 1x1075, A: 11075, O0: 1x107*, @: 1x107°
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Fig. 2 Cube-root plots of the absorbance against time for the seed
polymerization at 25 °C. [TEOS]=0.5 vol%, [NH3]=3.0 wt%, at
600 nm: O: [PGK]=0 vol%. x: 1x107°, A: 1x107°, O 1x107*, @:
1x10™
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Fig. 3 Polymerization rates of TEOS in the presence of palygorsk-
ite at 25 °C. [TEOS]=0.5 vol%, [NH3]=3.0 wt%, at 600 nm
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Fig. 4a,b TEM pictures of the particles formed in the presence of
palygorskite; [PGK]=0.001 vol%. a Before polymerization (PGK
only). b After polymerization. Length of the bar is 300 nm

Eq. 8, from the reciprocal period between the intersec-
tions of the linear line with the initial and final horizontal
lines in the cube root of the absorbance term A4, versus
time plots. The growth rates of the shell layers increased
as the concentration of the seed particles increased.
These results are consistent with the reaction mechanism
that the very small preliminary particles are formed first
and then coalesce. It should be mentioned here that the
affinity between the seeds and the preliminary particles is
strong, and the coalescence and shell formation occur
exclusively on the surface of palygorskite.

The shell formation of silica on the seed spheres was
observed directly by the TEM pictures of the suspensions
after the polymerization was completed. Figure 4 shows
the TEM pictures of the particles before polymerization
(Fig. 4a) and after polymerization in the presence of
palygorskite (Fig. 4b). Clearly, the width after poly-
merization was about twice that before polymerization,
and all the seed rods were coated with the silica shell
homogeneously. This result also supports strongly the
view that shell formation proceeded exclusively on the
seed particles. It should be recalled here that the seed
polymerization of TEOS also proceeded exclusively on
the surface of a silica sphere [1]. The main component
(ca. 50%) of palygorskite is SiO,, so the high affinity
between palygorskite and TEOS is highly plausible.
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Fig. 5 Turbidity measurements in the course of seed polymerization
of TEOS in the presence of f-FeO(OH) at 25 °C. [TEOS]=
0.5 vol%, [NH3]=3.0 wt%, at 600 nm; O: [-FeO(OH)]=0 wt%,
x: 0.001, A: 0.005, OJ: 0.0075, @: 0.01, A: 0.03, =: 0.05
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Fig. 6 Cube-root plots of the absorbance against time for the seed
polymerization at 25 °C. [TEOS]=0.5 vol%, [NH3]=3.0 wt%, at
600 nm; O: [-FeO(OH)]=0 wt%, x: 0.001, A: 0.005, [J: 0.0075, @:
0.01, A: 0.03, m: 0.05

Seed polymerization of TEOS in the presence
of cationic -FeO(OH)

Figure 5 shows typical examples of the turbidity mea-
surements for the seed polymerization reaction of TEOS
in the presence of f-FeO(OH) particles. The concen-
tration of the seed particles ranges from zero to
0.05 wt%. A,—Age.q decreased after passing a maximum
in the presence of a large amount of f-FeO(OH). This
shows that the product particles from the seed poly-
merization sediment in part in the observation cell.
Figure 6 shows that the term Apl/ 3 Aeq'”? increased
linearly with time. The induction time, #, shown in
Fig. 7a decreased quickly as the seed concentration
increased, though the induction time was large in the
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Fig. 7a,b Induction periods (a) and polymerization rates (b) for the
seed polymerization of TEOS in the presence of -FeO(OH) at
25 °C. [TEOS]=0.5vol%, [NH;3]=3.0 wt%, at 600 nm

absence of the seed particles. This observation supports
strongly the view that the polymerization of TEOS
proceeded exclusively on the surfaces of the seed
p-FeO(OH) particles. It is highly plausible that the
electrostatic attraction between the cationic seed parti-
cles and the anionic polar TEOS played an important
role in the high polymerization rates.

The polymerization rates of TEOS on the surfaces of
p-FeO(OH) particles from the turbidity measurements
are shown in Fig. 7b using Eq. 8§, from the reciprocal
period between the intersections of the linear line with
the initial and final horizontal lines in the cube root of
the absorbance term A, versus time plots. The growth
rates of the shell layers increased significantly as the
concentration of the seed particles increased. These
results are consistent with the reaction mechanism that
the very small preliminary particles are formed first and
then coalesce. It should be mentioned here that the
affinity between the seeds and the preliminary particles is
strong, and the coalescence and shell formation occur
mainly on the surface of f-FeO(OH) particles.

The shell formation of silica on the S-FeO(OH)
particles was observed directly by the TEM pictures of
the suspensions after the polymerization was completed.
Figure 8 shows the TEM pictures of the particles before
polymerization (Fig. 8a) and after polymerization in
the presence of p-FeO(OH) (Fig. 8b). Clearly, most of
the seed particles were coated with the silica

Fig. 8a,b TEM pictures of particles formed in the presence of
p-FeO(OH); [p-FeO(OH)]=0.005 wt%. a Before polymerization
(p-FeO(OH) only). b After polymerization. Length of the bar is
100 nm

shell, though the core-shell particles are associated to
each other in this picture. This result also supports
strongly the view that shell formation proceeds on the
cationic seed particles by the electrostatic attraction
forces between anionic polar TEOS monomers and
cationic f-FeO(OH) particles. It should be noted here
that a silica sphere was observed among the rod-
shaped particles in the picture of Fig. 8b. This supports
the hypothesis that the polymerization of TEOS
proceeded independently apart from the seed parti-
cles, though the fraction of the spheres is very small.
The coexistence of the spheres is due to the fact that
the amount of TEOS was too large compared with
that of f-FeO(OH) seeds under our experimental con-
ditions.
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