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Seed polymerization of tetraethyl orthosilicate
in the presence of colloidal silica spheres

Abstract Kinetic analyses were
made for the seed polymerization of
tetraethyl orthosilicate (TEOS) in
the presence of colloidal silica sphere
seeds by turbidity and dynamic light
scattering (DLS) measurements.
Transmission electron microscopy
(TEM) of the spheres formed was
also used. TEOS is polymerized
exclusively on the surfaces of the
seed spheres, their sizes ranging from
29 to 184 nm in diameter. The
sphere size versus time and the cube
root of the absorbance versus time
from DLS and turbidity measure-
ments agree well, especially in the
beginning of the reaction. The seed
polymerization starts immediately
on the addition of seed spheres,
though the polymerization in the
absence of the seeds proceeds after a

certain induction time ranging sev-
eral tens of seconds to several min-
utes. The polymerization rates of the
reaction increase when the size and/
or the concentration of the seed
spheres increases. The thickness of
the TEOS layers formed on the seed
surfaces increases as the seed size
increases; this is confirmed by the
TEM pictures. These results are
consistent with the polymerization
mechanism of the formation of small
preliminary particles followed by
their coalescence on the surfaces of
seeds to the final large spheres
coated with silica layers.
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Introduction

Monodisperse colloidal particles of any size and any
shape have provided most of the exciting and essential
samples for studies in the field of colloidal science. The
main purpose of this work was to synthesize hydrophilic
and stable colloidal particles of any size and shape. As is
well known, colloidal silica spheres are highly hydro-
philic 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 the monodispersed and non-
spherical particles of silica are extremely difficult. The
reaction mechanism of the monodispersed, nonspherical
and stable colloidal particles was studied in our labora-
tory by coating the seed particles with silica layers. In

this report, the detailed investigation of seed polymer-
ization of tetraethyl orthosilicate (TEOS) on the surfaces
of colloidal silica spheres is reported.

There have been significant developments in tech-
niques for colloidal silica synthesis and this have been
accompanied by recent advances in the sol-gel method in
the field of fine ceramics [1-3]. The synthesis of colloidal
silica was first reported by Stober et al. [4] in 1968 and
was studied further by several researchers [5-18]. The
polymerization reaction is composed of the hydrolysis of
silicate, Eq. (1), and then the dehydration is accompa-
nied by three-dimensional cross-linking, Eq. (2).

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

=SiOH+HO -Si=—=Si—0-Si=+H,0  (2)
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According to Shimohira and coworkers [7, 19] the
primary small particles are formed during an induction
period, #;, at the beginning of the reaction. Their critical
size was estimated to be 10-20 nm [7]. The growing
process with the coalescence of the primary particles
then follows, and the final silica spheres are formed.

Shimohira and coworkers proposed that the sixth
order of the sphere size increases linearly with the
reaction time, Eq. (3),

r6o<t s (3)

where r is the radius of the spheres. It should be recalled
that the Lifshitz—Slyozov—Wagner theory supports the
second- and third-order relations for the surface reaction-
controlled and diffusion-controlled mechanisms, respec-
tively [20]. Furthermore, fourth- and fifth-order relations
were proposed for the surface diffusion and the diffusion
accompanied by the dislocation in the cases of ceramics
and metal formations, respectively [20, 21]. Several
experiments, however, supported sixth- or seventh-order
relations [22-24], and theoretical explanations for the
relationships were not successful. Recently, a small-angle
X-ray scattering study [18] revealed that after an induc-
tion period the first particles to appear in the solution
have a radius of gyration of about 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.

Recent advances in the polymerization reaction of
colloidal silica spheres were reviewed by Ogihara [25].
We studied the kinetic mechanism of the formation
reaction of colloidal silica spheres from TEOS in normal
gravity on the Earth [26] and also in microgravity [27].

Experimental

Materials

Six kinds of colloidal silica spheres were kindly donated by Catalyst
& Chemicals Co. (Tokyo). The characteristics of the spheres are
compiled in Table 1. Their diameters and the polydispersity indices
range from 29 to 184 nm and from 0.04 to 0.21, respectively. The
colloidal samples were first purified several times using an
ultrafiltration cell (model 202, Diaflo-XM300 membrane, Amicon
Co.), and then deionized by a mixed bed of cation- and anion-
exchange resins more than 3 years before use. They released an
amount of alkali from their surfaces. Thus, it takes a long time for
complete deionization, since the deionization proceeds between the
two solid-liquid phases stepwise, i.e., between colloidal spheres and
water and then between water and the resins. Their diameters (d)
were determined through the courtesy of Nippon Synthetic Rubber
Co. (Tokyo) by electron microscopy. The standard deviation (o) of
the diameter of each sphere from the mean diameter was
determined from the electron microscope pictures of more than
500 spheres. The surface density of strongly acidic groups of these
spheres was determined by conductometric titration with a Horiba
model DS-14 conductivity meter (Kyoto). Strongly acidic and
weakly acidic groups coexisted at the surface of the colloidal silica
spheres.

Table 1 Properties of the colloidal silica spheres used as seeds

Spheres Diameter 0 (nm) o/d Charge density
(d) (nm) (uC/em?)

CS-22 29 6 0.21 -

CS-45 56.3 7.6 0.13 0.30

CS-82 103 13.2 0.13 0.38

CS-91 110 4.5 0.040 0.48

CS-121 136 10.9 0.080 0.40

CS-161 184 18.6 0.10 0.47

TEOS was purchased from Wako Pure Chemicals (Osaka).
Ethanol (99.5%) and ammonia (N25%) were commercially
available purified grade reagents and were obtained from Wako
Chemicals. The water used for the sample preparation was purified
by a Milli-Q reagent grade system (Milli-RO5 plus and Milli-Q
plus, Millipore, Bedford, Mass.).

Turbidity and dynamic light scattering measurements

The turbidity, i.e., absorbance at 600 nm, was recorded using a
spectrophotometer (Beckmann, DU650). Quartz optical cells
(10 mm x 10 mm x 70 mm high) with long necks and screw caps
were used for the kinetic turbidity measurements. The seed
polymerization was started by adding 1 ml TEOS in ethanol to
the mixtures of ammonia and the seed spheres in ethanol. Then,
the increase in the absorbance at 680 nm was measured. The
change in the effective radii of the colloidal silica spheres
including the thickness of the polymerized layers was also
determined using a dynamic light scattering (DLS) spectropho-
tometer (DLS-7000, Otsuka Electronics, Osaka). The reaction
mixture of 5 mL was prepared in a Pyrex cuvette (12-mm outside
diameter and 130-mm length) with a screw cap. These cuvette
cells were ground to a spectroscopic guaranteed level and were
very clear.

Transmission electron microscopy

The suspension (0.1 ml) was dried on a collodion mesh at room
temperature before the transmission microscopy (Hitachi, H8100).

Results and discussion

Size, induction periods, and polymerization rates
from turbidity measurements

A typical example of the turbidity measurements is
shown in Fig. 1. The volume fraction of the seed spheres
ranges from 0 to 0.001. The total absorbance (A4)
consists of the solvent absorption (4,), the absorption
from the particle formed (4,,), and the light scattering at
0 (scattering angle) =0 (4y), i.e., Eq. (4) [4].

A=A, + A4, — A4 (4)

The A, term arising from the colloidal spheres

formed in the seed polymerization should increase
linearly with increasing volume of the sphere as

Ap o< NI (5)
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Fig. 1 Absorbance at 600 nm in the course of seed polymerization of
tetraethyl orthosilicate (TEOS) in the presence of CS-82 spheres at
25 °C. [TEOS] 0.5 vol%, [NH3] =3.0 wt %. ¢pcss2=0 (O) 1x107°

(%) 5% 1075 (A); 1x 107 (0); 5x 107* (@); 1 x 107 (#)

where N is the number of the spheres formed and r is the
diameter of the spheres. Equation (6) is derived from

Eq. (5):

Ap = Ashenl + Aseed X I"3 ’ (6)

where Agnen and Ag.q denote the absorbance contribu-
tion of the silica layers and from the seeds themselves.

It should be noted here that Eq. (4) holds only if the
absorption dominates the scattering. If the scattering
dominates, Apoch6. The light scattering term, A, is
further approximated by Eq. (7):

AsocIn(ly x I+ Iy) (7)
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Fig. 2 Absorbance at 600 nm for the seed polymerization at 25 °C.
[TEOS] 0.5 vol%, [NH;]— 3.0 th] Pcss2=0 (O) 1x107° (x);
5x 1070 (A); 1 x 107 (); 5x 1074 (@); 1 x 107 (#)
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Fig. 3 Comparison of the radii from dynamic light scattering (DLS)
(O) and turbidity ( x ) measurements during seed polymerization at
25 °C. [TEOS] = 0.5 vol%, [NH3]= 3.0 wt%, ¢cs.g> =0.001

where I, is the intensity of the scattered light from the
particle form factor at 0=0. [; is the intensity of
scattered light related to the interference factor at 0 =0.
This term reflects the particle distribution in the reaction
mixtures. [, is the multiple-scattering term and is
especially important in the final stage of the polymer-
ization reaction where large colloidal spheres grow. The
radius, r, and the reaction rate, v, are, therefore,
approximated very roughly by Egs. (8) and (9), espe-
cially 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 note that the analyses using
Egs. (8) and (9) are not so reliable and lead to rather
large errors:

rocAllJ/3 ,

(3)

v =dr/dt oc ddy* /dt .

)

Al 3413 e . P

— A 1s shown as a function of time in Fig. 2.
The 1nduct10n time, #;, was zero in the presence of seed
silica spheres, irrespective of the seed concentration
though the induction time was observed in the absence
of the seed spheres. This observation supports the idea
that the polymerization of TEOS proceeds exclusively
on the surface of the seed spheres.

The polymerization rates of TEOS were estimated
from the final thickness of the silica layers determined
from the DLS measurements and from the reciprocal
period between the intersections of the linear line with
the initial and final horizontal lines in the cube root of
A, versus time plots. It should be noted here that the
seed polymerization should be made at TEOS volume
fractions below 0.2, where TEOS dissolves homoge-
neously in ethanol.
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Size versus time profiles from DLS measurements

A plot of the diameter from the DLS and the cube root
of A, from the turbidity methods is shown in Fig. 3.
Again, the values of r from the turbidity method are not
so reliable since the method contains several assump-
tions as described previously. On the other hand, the
DLS technique directly gives the size data; however, the
accuracy of the DLS measurements was rather low
compared with that of the aqueous suspensions. Agree-
ment of the sizes from both measurements was excellent.

The thickness of the silica shell, rg,en (=r—rgeed)
estimated from the DLS measurements is shown by open
circles as a function of the size of the seeds (Fig. 4); rgmen
increased with reeq. As the volume fraction of the seeds
is fixed, the total surface area of the seeds is given by
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Fig. 4 Thickness of the shell layers (rg,ey) estimated from DLS (O)
and turbidity (X ) measurements at 25 °C. [TEOS]=0.5 vol%,
[NH;3]=3.0 Wt%, ¢seeq =0.001
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Fig. 5 Polymerization rates of TEOS from turbidity measurements at
25 °C. [TEOS] = 0.5 vol%, [NH;] = 3.0 Wt%. ¢eq=0 (O); 1 x 107°
(x); 5% 1072 (A); 1 x 1074 (0); 5x 107* (@); 1 x 107 (#)

4nr2, 4 x 0.001/[(4/3)nr, 4] and should increase with
the reciprocal of the diameter of the seed spheres; thus,
the thickness of the shell layers should increase as the
sphere size increases, since the total area becomes small
for the large spheres.

The polymerization rate estimated from the turbidity
and DLS measurements is shown as a function of the
size of the seed spheres in Fig. 5. The growth rates of
the shell layers increased as the concentration and/or the
size of the seed spheres increased. These results are quite
consistent with the reaction mechanism that the very

Fig. 6a—d Transmission electron microscopy (TEM) pictures of CS-
45 or CS-82 seed spheres. a Before polymerization, ¢csqs=1 X
1073, length of the bar: 150 nm. b After polymerization, ¢csqs=
1 x 107, length of the bar: 150 nm. ¢ Before polymerization,
Pcsga=1 % 1073, length of the bar: 100 nm. d After polymerization,
dcsso=1x 1073, length of the bar: 100 nm

%

s

Fig. 7a—d TEM pictures of CS-121. a Before polymerization, b after
polymerization, ¢cs.21=1x 107, ¢ after polymerization, ¢cs.
n1=1x 10_4, and d after polymerization, ¢CS-121 =1x 10_5. The
length of the bar is 200 nm
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Fig. 8a, b TEM pictures of CS-161. ¢cs.161=1 % 107 a Before
polymerization and b after polymerization. The length of the bar is
200 nm

small preliminary particles are formed first and then
coalesce. Since the chemical composition of the seeds
and the preliminary particles is identical, the affinity
between the seeds and the preliminary particles must be
so strong that the coalescence and shell formation occur
exclusively on the surfaces of the seeds.

Transmission electron microscopy observation

Figure 6 shows the transmission electron microscopy
(TEM) pictures of the spheres before and after polymer-
ization in the presence of CS-45 (Fig. 6a, b) and CS-82
spheres (Fig. 6c, d). All the seed spheres were coated with
a homogeneous silica shell. Small preliminary particles
are seen on the surface of the particles in Fig. 6d.

TEM pictures of the spheres in the presence of various
amounts of seed spheres are shown in Fig. 7. The size of
the spheres formed increased when the concentration of
the seed spheres decreased. This observation is consistent
with the change in the molecular weight of polymers by
the radical polymerization: the molecular weight increas-
es when the concentration of the initiator decreases.
Here, the thicknesses of the silica layers and the seed are
related to the molecular weight and the initiator,
respectively. TEM pictures of the largest spheres formed
in the presence of CS-161 spheres are shown in Fig. 8.
Shell formation is also clearly observed.

The rgnen values of the layers of silica around the seed
particles were calculated from the TEM pictures
(Fig. 6). Surprisingly, the values from the DLS and
TEM techniques agreed very well. This suggests strongly
that silica layers are very rigid and that the size of the
spheres does not change on drying in the TEM
measurements.
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