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Abstract. Using 2°Si MAS-NMR we investigate the effect of pH on the final connectivity distribution of the
silicon atoms in the Stober particles. Our data suggest that the fraction of the silicon atoms that are fully-connected
decreases as the ammonia concentration is increased. This suggests a more negative first shell substitution effect
in the precipitated phase (liquid droplet) if condensation reactions are irreversible. A simple model is developed to
describe the condensation kinetics in the precipitated phase, and the results support the negative first shell substitution

effect. These findings challenge the notion of a positive first shell substitution effect in alkaline conditions.
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1. Introduction

Recently monodispersely-sized spherical colloids in
sub-micron range are attracting interests in the areas
of pharmaceuticals and electronics as well as fine ce-
ramics and coatings [1-3]. A well-known system to
produce such colloids is the Stober process in which
tetraethoxysilane (TEOS) is hydrolyzed by using the
base catalyst to produce monodispersely-sized silica
colloids [4]. The excellent monodispersity in the size
of silica colloids made the Stober process the most
extensively studied system to date [5-9]. It is not yet
well understood, however, what is responsible for such
an easy production of monodispersely-sized silica col-
loids in the Stober process.

*To whom all correspondence should be addressed.

Several researchers have used both solution and
solid-state 2°Si-NMR to study the connectivity distri-
bution of the silicon atoms in silica gel and particles
[8-12]. When TEOS is hydrolyzed under acidic condi-
tions, it was found that there was more Q3 than Q4 even
after gelation [10-12] (here Q represents a quadra-
functional silicon site, and the subscript i represents
the number of siloxane bridges connected to the sili-
con atom). On the other hand, when a base was used
as a catalyst in the Stober process, van Blaaderen and
Kentgens [8] reported that silica particles were made
of more Q4 than Q3 (~65% Q4, ~30% Q3, and ~5%
0»). However, they did not systematically change the
initial solution composition of the system to understand
the effect of initial pH on particle structure.

To rationalize structural features of the reaction
products of TEOS in acidic vs. basic condition, two
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contrasting condensation reaction pathways have been
suggested. Both are based on a first-shell-substitution
effect (FSSE), in which the condensation reaction rate
of the functional groups depends only on its near-
est neighbors. In the first pathway, with a negative
FSSE, the condensation rates decrease as the functional
groups become more highly connected [13—16]. In the
alternative pathway, with a positive FSSE, the conden-
sation rates increase as the reacting sites become more
highly connected [17].

In acidic TEOS systems (pH < 3), transparent gels
with a fractal dimension near two form [18, 19]. Many
researchers have ascribed low fractal dimension to a
negative FSSE [18, 19]. The fact that there is more
Q3 than Q4 in the final gel supports this explanation
[10-12]. Independent kinetic studies have confirmed
that a negative FSSE operates in many acidic systems
[13-16].

In contrast, in basic TEOS systems (pH > 10) par-
ticles with a fractal dimension near three are formed
[18, 19]. To explain high fractal dimension, it has been
suggested that there may be a strong positive FSSE
[17]. This might also explain the absence of dimer
and larger oligomers by solution >°Si-NMR. However,
Kallala et al. [17] did not consider precipitation, which
may be responsible for the nucleation [9], in their
model.

Brinker and Assink [20] proposed a simple func-
tional form for the irreversible condensation rate con-
stants in order to test the FSSE. They assumed that the
condensation rate constant (k; ;) for Q; and Q; could
be represented by two parameters (i.e., dimerization
rate constant ko o and R):

ki = koo Rt (1)

where R is an adjustable parameter that accounts for
the change in the condensation kinetics with the extent
of condensation. If R is greater than 1, there should be a
positive FSSE since k;; increases with the higher i and
j, while there is a negative FSSE if R is less than 1. This
is shown in Fig. 1 where the calculated connectivity
distributions for two different R values (0.5 and 1.5)
are compared with that without a FSSE, i.e. R = 1 (we
will present this reaction scheme later). When there
is a negative FSSE (R = 0.5, Fig. 1(a)), one should
expect lower [ Q4] and higher [ Q3] at high conversion
than when there is no FSSE. However, with a positive
FSSE (R = 1.5, Fig. 2(b)) the opposite (higher [ Q4]
and lower [Q3]) is true.
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Figure 1. Evolution of Q;’s with (a) a negative first-shell-
substitution effect (R = 0.5), and with (b) a positive first-shell-
substitution effect (R = 1.5); [Qolo = 1.0 M; [Q;]o’s = 0.0 M for
i =1,2,3,4; koo = 0.1 I/mol'hr; and the dotted lines are drawn
without a FSSE (R = 1).

In our previous work [9], we have suggested that
in the Stober process the doubly-hydrolyzed monomer
precipitates, which is followed by the formation of pri-
mary particles. These primary particles are colloidally
unstable, so they aggregate until stable particles are
made. However, the condensation reaction kinetics in
the precipitated phase (probably inside liquid droplets)
before the formation of primary particles is not yet un-
derstood. In alkaline TEOS systems, there might be
localized reactions inside liquid droplet, which could
explain the high fractal dimension of the final particles
even with a negative FSSE.

In this paper, we will vary the initial ammonia con-
centrations in the Stober process to change the initial
pH, and use *Si MAS-NMR to estimate the connec-
tivity distribution of the silicon atoms in the final silica
particles. We will also use a simple model based on
Brinker and Assink’s work [20] to test whether there is
a positive or negative FSSE in alkaline TEOS systems.

2. Experimental

Tetraethoxysilane (TEOS, 98% purity, Aldrich); deion-
ized, distilled and filtered H,O; a standard 4.96 N
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Figure 2. %°Si MAS-NMR spectra at three different ammonia con-
centrations; [TEOS]y = 0.15 M, and [H>O]yp = 8.8 M; (a) 0.1 M
NH3, (b) 0.3 M NH3, and (c) 1.0 M NHj3.

ammonium hydroxide solution (Aldrich) were dis-
solved in ethanol (Aaper alcohol and chemical co.) so
that the final compositions were 0.15 M TEOS:8.8M
H,0:0.1, 0.3, and 1.0 M NHj3. After a week, the par-
ticles produced were collected by centrifugation or by
reverse-osmosis, and they were air-dried before the 254
MAS-NMR experiments. For reverse osmosis, stirred
cell from Amicon with an ultrafiltration membrane
(50,000 MW cut-off) was used and pressure up to 20 psi
was applied.
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For Si MAS-NMR, 400 MHz spectrometer from
ChemMagnetics with 5 mm sample rotor was used.
The spectral frequency for silicon was 79.5 MHz, and
the 90° pulse width was 7.0 us. Though it would have
shortened the acquisition time, we chose to forgo cross-
polarization to ensure quantitative results. The delay
time was 300 s, which was taken from van Blaaderen
et al.’s experiment [8], and 192 FID’s were accumu-
lated for each spectrum. Deconvolution was performed
using Spinsight software by adjusting the peak fre-
quency, lineshape, width, and height to get the best
fit.!

3. Results and Discussion
3.1. 2Si MAS-NMR Results

29Si MAS-NMR spectra at three different ammonia
concentrations are shown in Fig. 2. Table 1 shows the
individual concentration of different Q; species and
the conversions. Conversion is defined as the fraction
of the alkoxyl bonds that are reacted to form silox-
ane bonds. As the ammonia concentration is increased
(higher pH), the fraction of Q3 increases while that of
Q4 decreases, and the fraction of Q, remains virtually
the same. Note that the conversions in all three systems
are close to 90%, which is consistent with the previous
reports by van Blaaderen and Kentgens [8]. If there is a
crossover from a negative to a positive FSSE as pH in-
creases (i.e., stronger positive FSSE at higher pH [17])
and condensation reactions are irreversible, the fraction
of Q4 should increase as the ammonia concentration
is increased, but this is not true in the present study.
This suggests that there might be a negative FSSE in-
side liquid droplets, contrary to the previous models
[17]. Next, we will develop a simple model which is
similar to the Brinker and Assink’s model [20] to test
whether there really is a negative FSSE even in alkaline
system.

Table 1. The connectivity distribution of the silicon atoms in the Stober particles at different
ammonia concentrations ([TEOS] = 0.15 M, and [H,O] = 8.8 M).

[NHsI(M) Qo (%)  Q1(%)  Q2(%)

Conversion (%)

03 (%) Q4 (%)

0.1 0.0 0.0 32
0.3 0.0 0.0 34
1.0 0.0 0.0 3.7

30.1 66.7 90.9
33.1 63.5 89.9
39.8 56.5 88.2
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3.2.  Modeling of Condensation Kinetics

First, we make the following assumptions:

(1) As soon as the doubly-hydrolyzed monomer (Q(z))
precipitates to produce liquid droplets, it becomes
fully hydrolyzed to form Qy, i.e., hydrolysis in lig-
uid droplet is instantaneous (note that this is a hy-
drophilic or water-rich phase). Here the superscript
denotes the number of hydroxyl bonds on a silicon
atom. Thus, there is no need to include hydroly-
sis inside liquid droplets in the model (Qj can be
considered as Qy in liquid droplets).

(2) Condensation reactions inside liquid droplets are
irreversible.

(3) Because the model is so rough and we cannot fit
the individual rate constants, we will use the ex-
pression suggested by Brinker and Assink [20].
The condensation rate constant for Q; and Q; are
approximated in the following three ways:

() ki j = koo R/
(b) kll.i — k0,0 RmfiX(i’j)
(©) ki j = koo R™"D

where kg  is a dimerization rate constant. Note that
the case (c) was consistent with the experimental
results in acidic TEOS systems [13].

(4) The condensation reaction between particles
caused by aggregation is not considered separately.
The reaction scheme includes the condensation re-
actions which follow aggregation.

(5) Cyclization is neglected. This surely occurs, but
Ng and McCormick have shown that its neglect
causes the underestimation of the negative FSSE
(i.e., even higher R will be predicted) [22].

(6) The change in [Si] inside liquid droplets as a result
of precipitation is not explicitly modeled. This fac-
tor is lumped into the bimolecular rate constants in
the scheme, so they should not be considered true
homogeneous rate constants.

The following reaction scheme (a site-based model)
is considered:
In solution:

0% + H,0 2 0! + EtOH )

0) + H,0 5 02 + EtOH 3)

In liquid droplets:

kij ..
0i+0;—0it1+ 01 +H0; i,j=0,1,2,3
4)

The rate expressions can be simplified as follows:

dloo
[d%()] = —khl[Qg][HzO] (5)
dlo!
[50] = k[ QQ][H,0] — k[ O] H,01 ©
d[O; 3 3
[dQ 1 ki1j[Qi111Q;1 Zki,j[Qi][Qj]
! j=0 =0

+ 8 0kna[ Q¢ | [H20] (7

InEq.(7),i =0,1,2,3,4andk; ; #0onlyif0< i, j <
3,and §; ; = 01if i # j. We solve the set of the above
coupled differential equations to fit the Q-distribution
at the final conversion (Table 1) by optimizing ko o and
R. Here, we used the values for kj,; and kj,, from ref. [9]
(Table 2). When Brinker and Assink applied a similar
method to acidic TEOS system, they found that R was
~0.35, confirming a negative FSSE [20]. Table 3 shows
the optimized ko o and R values for three different am-
monia concentrations. Figure 3 shows the evolution of
Q;’s with conversion using the optimized parameters.>

In all three cases, the dimerization rate constant in-
creases as the ammonia concentration is increased, and
the R value is virtually the same. Note that R is always
LESS THAN 1! This suggests that there still might be a
negative FSSE in alkaline condition, though may not be
as severe as in acidic condition where R is ~0.35. Prob-
ably, this is due to the severe steric hindrance inside
liquid droplets after precipitation. However, because
of many assumptions made in this model (for instance,
the condensation reactions are assumed irreversible),
it is still necessary to develop a more comprehensive
model.

Table 2. Hydrolysis rate constants used in the model
([TEOS] = 0.15 M, and [H,0] = 8.8 M).

[NH3] (M) khl (l/mol‘hr) kh2 (l/mol‘hr)
0.1 2.3 x 1072 1.6 x 107!
0.3 9.6 x 1072 6.7 x 107!
1.0 3.1 x 1071 2.1




Table 3. Optimized ko o and R at different am-
monia concentrations ([TEOS] = 0.15 M, and
[H,0] = 8.8 M).

[NH3] (M) koo (/mol hr) R

(@) ki j = kooR' ™/

0.1 0.12 0.86
0.3 1.34 0.80
1.0 2.23 0.71
(b) ki.j = koo R™"))
0.1 0.84 0.59
0.3 1.1 0.61
1.0 2.1 0.45
(©) ki,j = koo R™n-1)
0.1 0.60 0.64
0.3 0.98 0.67
1.0 1.83 0.51
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Figure 3. Evolution of Q;’s from a model at three different ammo-
nia concentrations; [TEOS]yp = 0.15 M, and [H,O0]y = 8.8 M, and
the dotted lines are drawn without a FSSE; (a) 0.1 M NH3, (b) 0.3 M
NHj3, and (¢) 1.0 M NH3.

Effect of pH on the Final Connectivity Distribution 259

4. Summary

29Si MAS-NMR is used to study the effect of pH on
the final connectivity distribution of the silicon atoms
in the Stober particles. As the pH is increased, the frac-
tion of fully-connected silicon atoms decreases, while
the fraction of triply-connected silicon atoms increases.
This is not consistent with the previous model (i.e., with
a positive first shell substitution effect), but suggests a
negative first-shell-substitution effect. A simple model
also suggests that there might be a negative first shell
substitution effect in alkaline conditions as in acidic
conditions. However, one would still need to consider
reversibility of condensation reactions to confirm this
result.
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Notes

1. Indeconvolution, 100% Gaussian lines are found to fit the peaks
most closely. This suggests that these particles are amorphous
[21].

2. The optimized curves were virtually the same for all three cases.
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