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Abstract Three silica gel sample
systems, modified with 3-amino-
propyltriethoxy silane (APTS), were
prepared by sequentially sampling the
reaction mixture at various time
intervals. The concentrations of 3-
aminopropylsilyl groups (APS) bound
on the silica surface were determined
by elemental analysis. For the same
sample systems, 2°Si NMR intensities
of an (—0O),S1 species belonging only
to the silica gel particles and corrected
by a cross-polarization correction
factor were also measured. Both the
APS-concentrations and the correc-
ted 2°Si NMR intensities depended
upon reaction time, reflecting the rate

of the APTS-—silica gel reaction.
Kinetic analysis of these data was
made by use of the Gauss—Newton
method, and the overall reaction was
found to consist of three reaction
processes (an initial fast reaction,

a slower second reaction and a much
slower third reaction). In particular,
the conversion of (-0);SiOH to
(—0),4Si is predominant in the second
reaction process and the pore size of
a silica gel particle affects the reaction
mechanism.
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Introduction

The nature of the surface of silica gel and of its interactions
with various organosilane compounds has been studied
intensively [1-7]. One of the most commonly used silane-
modified substrates is silica gel coated with 3-aminopropyl-
tricthoxy silane (APTS, (CH;CH,0)5SiCH,CH, CH,NH,),
which has been investigated with respect to both its reac-
tion mechanism [5-8] and to the parameters controlling
the structure of the silane-coated layer [9]. Various tech-
niques have been applied to elucidating the modified struc-
tures. FTIR [7,11, 12] (in particular, diffuse reflectance
FTIR [13]) has proved to be a very powerful tool for
characterizing the chemical structure of the silane-coated
layer. Furthermore, X-ray photoelectron spectroscopy
(XPS) [15], secondary ion mass spectroscopy (SIMS) [16]

and atomic emission spectroscopy (AES) [17] have been
successfully used for characterizing the interfacial regions.

It has already been noted that water molecules in-
volved in the silica gel-APTS reaction system play an
important role in the reaction sequence [9]. The three
ethoxy groups of a silane molecule are easily hydrolyzed
by water molecules, resulting in formation of SiOH
groups, which can then be condensed to form a siloxane
linkage between two silane molecules and generate a fur-
ther water molecule which induces another condensation
reaction. Therefore, the SIOH groups play a critical role in
formation of modified structures on the surface of silica
gel. Possible modified structures have been proposed by
Vrancken et al. [10]. However, very little is known about
the process for formation of a modified structure as the
reaction progresses. Therefore, further investigation of the
mechanism of formation of the modified structures, and in
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particular, of the kinetics of interaction of silane molecules
with the hydroxyl groups on the silica gel, is highly
desirable.

Maciel and Sindorf [18] have indicated that the three
resonance signals observed in the 2°Si CP/MAS spectra of
silica gel can be assigned to specific Si-atom environments
on the surface, thereby making possible a variety of inter-
esting studies into the structure of silica gel. Sindorf and
Maciel [19] have reported a 2°Si NMR study of dehy-
drated and rehydrated silica gel, using cross-polarization
and magic-angle spinning (CP/MAS) techniques.

Caravajal et al. [20] have used CP/MAS techniques
involving both ?°Si and '*C NMR to make a systematic
study of APTS-modified silica gel. Their results revealed
that 2°Si CP/MAS spectra are extremely useful for
charaterizing the nature of the attachment between the
APTS-derived Si atom and the silica surface. In particular,
it should be noted that the 2°Si NMR relative intensities of
the 2°Si atoms of the 3-aminopropylsilyl group (APS,
(X0),;SiCH,CH,CH,NH,), corrected by a CP correction
factor, could be used to determine quantitatively the con-
centration of APS moieties bound on the silica surface.

In the present study, the rate constants of the
APTS-silica reaction, for APTS-modified silica gel sam-
ples prepared by sampling the reaction substrate from the
reactor at various time intervals, have been determined
from elemental analysis and 2°Si NMR intensity data. In
particular, the observed 2°Si NMR data, corrected by
a CP correction factor, have been used to analyze quantit-
atively the distribution of 2°Si atoms between the APS
moieties and the silica surface.

We can use the data from the elemental analysis to
monitor the time dependence of the amount of APTS
modified onto the surface of silica gel, while the 2°Si NMR
spectra of these samples provide time dependent informa-
tion on both the *°Si content of APS bound onto the
surface and the concentration of the silica gel-SiOH which
participates in the condensation reaction with an APTS
molecule. Consideration of both the bound-APS concen-
tration and the 2°Si NMR data makes it possible to
discriminate between the silica gel-APTS reaction and the
condensation reaction in the bulk phase. The effects of
temperature and of pore size on the APTS-silica gel reac-
tion are also discussed.

Experimental
Materials
Super Micro Bead Silica Gel B-5 (SMBS), with a particle

size distribution of d;,/doo = 1.5 and average particle dia-
meter 5 um, was purchased from Fuji Silysia Chemical Co.

SMBS particles with pore diameters ¢ = 5.5, 8.1 and
11.6 nm were selected so as to examine the effect of pore
size on the reactivity. Particle diameter and pore diameter
were determined by coulter counter method [21] and
mercury porosimetry [22], respectively. Surface areas (A,)
were determined by the BET method using nitrogen ad-
sorption (a surface area of 16.2 A> was assumed for
molecular N,): the 4, values are 498, 437 and 384 m?g !
for ¢ =55nm, 8.1nm and 11.6 nm, respectively. 3-
Aminopropyltriethoxy silane (APTS), obtained from
Shinetsu Chemical Industry Ltd., was used for the reaction
with the silica gel without further purification.

SMBS—-APTS reactions

The three SMBS sample systems (SI (¢ = 5.5 nm), SII
(¢ = 8.1 nm) and SIII (¢ = 11.6 nm)) modified with APTS
were prepared as follows. SMBS (40 g) was refluxed in
toluene (120 ml) and then stirred at constant temperature.
The temperature of the reaction mixture in the reactor was
kept at 388 K for SI and at 333 K for SII and SIII. The
APTS—toluene solution (0.57 moll~! for SI, 0.44 moll~1!
for SII and 0.38 moll~! for SIII, the APS—concentration
per unit surface area = 3 ymolm ~2 for SI, SII and SIII)
was then added to the preheated SMBS—toluene mixture.
In order to follow the rate of the APTS—SMBS reaction,
aliquots were removed at various time intervals, and the
reaction was quenched by washing the reaction mixture
with methanol. Unreacted ethoxy groups in the substrate
were hydrolyzed in water-methanol (1:1) solution for 2 h
at room temperature and the APTS modified SMBS was
again washed with methanol. The samples thus prepared
were dried at 388 K under vacuum. Care was taken that
the drying temperature did not go higher than 388 K and
the samples were therefore assumed to be in a fully hy-
drated state [3].

Elemental analysis

A Yanaco-CN Coder MT 600 was used for elemental
analysis of the samples. The concentration of APS bound
on the silica gel was determined by analyzing the nitrogen
content of samples. The errors were + 0.3 wt%. The nitro-
gen content data and the C(APS) values for the SI, SII and
SIII sample systems are listed in Table 1.

298i NMR measurements

29Si NMR spectra were obtained on a Varian UNITY-400
spectrometer operated at 79.5 MHz at 25°C. The *°Si
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Table 1 Nitrogen contents (Cy, Wt%}) of the SI, SIT and SIII samples
and concentrations (C(APS), umol m~?2) of bound APS

Sample Reaction Cn C(APS)
time ¢ (s) (+ 0.3 wt%) (umolm™2)
SI 60 1.04 1.59
180 1.17 1.81
300 1.24 1.93
600 1.32 2.06
900 1.34 2.10
1800 143 225
oC 1.34? 2.10°
SII 60 0.70 1.14
180 0.83 143
300 0.90 1.56
600 0.99 1.72
900 1.04 1.82
1800 1.10 1.93
3600 1.17 2.06
oo 1.10% 1.93?
SIil 60 1.01 2.00
180 1.02 2.03
300 1.05 2.09
600 1.10 2.20
900 1.12 2.24
1800 1.16 2.32
3600 1.19 2.39
o 1.19 2.37*

# Calculated from C(sxc) = C () + C2.3(0).

chemical shifts (ppm) are given relative to external 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) standard. The
29Si NMR spectra were measured using an acquisition
time of 0.102 s, a contact time of 2.5 ms, a recycle time of
15s, and a pulse width of 6.3 us. Magic angle sample
spinning was routinely carried out at 4.5 kHz spinning
rates. High resolution solid state 2°Si NMR measurements
were achieved with use of a cross-polarization sequence
(XPOLAR). The spectra with CP were measured by cross-
polarization and magic-angle spinning (CP/MAS). The
spectra without CP were measured using only MAS (des-
ignated NCP). Representative CPMAS and MAS spectra
(of the SI sample, reaction time: 1800s) are shown in
Fig. 1. The two types of spectra were integrated and then
the CP correction factors were obtained from division of
the NCP integral values by the CP integral values for each
resonance line [18]. In order to obtain the CP correction
factor, MAS NMR measurements were carried out only
for silica gel samples which had been condensed with
APTS at the longest reaction time. The CP correction
factors thus obtained (listed in Table 2) were used to
correct the signal intensities of the 2°Si CP/MAS NMR
spectra of other samples in the same sample system. This
correction made it possible to discuss quantitatively the
signal intensities of the 2°Si CP/MAS NMR spectra. Thus,

[a]
2
‘»
=4
2
[
= [b]
100 0 -100 -200
ppm

Fig. 1 2°Si CP MAS ([a]) and MAS ([b]) spectra of the SI sample
(reaction time: 1800 s)

Table 2 CP correction factors obtained for the SI, SII and SIII
samples

—60ppm —70 ppm —100 ppm —110 ppm
SI (1800 s) 0.47 0.92 0.96 1.96
SII (3600 s) 0.71 0.60 0.83 1.58
SII (3600 s) 0.63 0.55 0.77 221

the real integral values were calculated by multiplication
of the CP integral values by the CP correction factors.

Results and discussion

In order to characterize the surface of silica gel which has
been treated with APTS, it is important to determine the
concentration of APS moieties which are chemically
bonded through siloxane bonds on the surface, since the
silane coating layer contains both chemically bound APS
moieties and physically adsorbed silanes. In the present
study, the APS-bound SMBS particles were prepared by
sequentially sampling the reaction mixture at various time
intervals, followed by thorough washing with methanol.
Samples prepared in this way can be regarded as APS-
SMBS complexes free of physically adsorbed silanes.
The 2°Si CP/MAS NMR spectra of the SI and SII
samples are shown in Fig. 2. The two 2°Si resonance peaks
atca. —100and — 110 ppm are assigned to the 2°Si nuclei
of the (~O);SiOH and (-0),Si species belonging to the
SMBS particles, respectively [18]. The resonance peaks at
ca. —90 ppm arising from geminal species (-O),Si(OH),
on the SMBS surface, are very weak in intensity, implying
that most of the geminal OH groups were condensed with
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Fig. 2 29Si CP MAS NMR spectra of the SI ([A], T = 388 K) and
SII ([B], T = 333 K) samples prepared at various time intervals (a:
60 s, b: 300 s, ¢: 1800 s and d: 21600 s)

APTS molecules. The resonance peaks at ca. —60
and —70 ppm arise from the (-0),Si(OH)R and (-0);SiR
species, respectively, of the APS moieties bonded to the
SMBS particles [20]. The spectral features of the 2°Si
resonance peaks depend on reaction time and reaction
temperature.

The 2°Si MAS spectra of the same samples were also
measured without applying a cross-polarization sequence
[18-20]. The 2°Si signal intensities were corrected by the
CP correction factors obtained from the integrated inten-
sities of both the CPMAS and MAS spectra [20]. The
total corrected integral intensities of the three 2°Si signals
arising only from the SMBS particles should be indepen-
dent of the concentration of bound APS, while those of the
three signals arising only from bound APS depend upon
the concentration of APS bound on the SMBS surface.
Therefore, when the total corrected integral intensities of
the three 2°Si signals arising from the SMBS particles are
arbitrarily made equal to 100, the total corrected integral
intensities I(APS) of three 2°Si signal arising from the APS
moieties can be expressed as relative corrected integral
intensities (I, (APS) [%] = [100 I(APS)]/[1((-O)sSiOH) +
I{(—0),Si)]). The I,(APS) and corrected integral intensities
of the (-0);SiOH and (—O),Si species for SMBS

(I((-=O)3SiOH)) and (1((—0O),S1)) are listed in Table 3. The
error of estimate in these values is + 0.3%. Also shown
are the values of C((-0),Si) calculated from I.((—0),Si)
using a proportionality constant between C(APS) and
I.(APS).

Figure 3 shows plots of relative corrected integral
intensities (I.(APS)) against the concentration of bound
APS (C(APS), umolm~2). It is evident that for the three
sample systems the I,(APS) value is proportional to the
concentration of bound APS moieties. It may therefore be
assumed that the relative corrected integral intensities are
a true reflection of the extent of reactivity of APTS with
the silica gel hydroxyl moieties. Thus, the total relative
corrected integral intensities directly reflect the concentra-
tion of bound APS.

Kinetic analysis of the APTS—SMBS reaction
using 2°Si CP MAS and MAS NMR data

The relative corrected integral intensity of the 2°Si signal
of an (—0O),S1 species on the SMBS surface has been used to
follow the rate of reaction, since the difference in the
corrected integral intensities of the (—0);SiOH and (-0),Si
signals is an important indicator of the reaction process.

The time dependence of the relative corrected integral
intensity I,(t) of the 2°Si resonance signal of an (-0),Si
species is given by

Ir(t) = Ir(OO) — Ir(oo)e_k,m P (1)

where k' is the first-order rate constant for the
(—0)3S10H — (-0),Si reaction and I (o0) is the relative
corrected integral intensity of the °Si signal of an (-0),Si
species at t = 0.

Figure 4 shows plots of the observed I.(t) values
against reaction time (¢) and the calculated curves of best
fit for the three sample systems. The rate constants thus
obtained are 647 x 1073, 3.60x 1073 and 1.06 x 10" 35!
for the SI, SII and SIII samples, respectively. The I.(c0)
values, determined from the curves of best fit, were equal to
77.1%, 67.2% and 72.5% for SI, SII and SIII, respectively.
It should be noted that the value of the rate constant for
the SI samples (6.47 x 1073 s™ 1) agrees well with that
(6.91 x 1073 s~ 1) obtained from DRIFT spectral measure-
ments [23].

Kinetic analysis of the APTS-SMBS reaction
using elemental analysis data

Values of the nitrogen content of the SI, SII and SIII
samples and of the concentration of APS bound on the
SMBS particles (calculated from the elemental analysis
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Table 3 Relative corrected

integral intensities (I, % +0.3%) Reaction Corrected integral intensity I.(%, + 0.3%) Concentration
of the 2°Si resonance lines for time ¢ I.(APS) L{(-0)sSiOH)  [((-0O)aS) C(umolm 2y
bound-APS, (-0);SiOH and (s) C((-0)4S1)
(—0O)4Si species and the
concentration (C, ymol m ~2) of S1 0 0 38.09 62.91 9.42
the (—O)4Si species calculated 60 8.83 34.20 65.80 9.86
from NMR data 180 11.89 3046 69.54 10.42
300 14.08 29.97 70.03 10.49
600 13.79 28.19 71.81 10.76
900 14.09 28.07 71.93 10.77
1800 13.99 28.12 71.88 10.77
e} 14.90° 28.10° 71.90¢ 10.77¢
ST 0 0 41.31 58.69 8.90
60 7.78 38.81 61.19 9.28
180 8.66 35.24 64.76 9.82
300 9.96 31.94 68.06 10.32
600 11.60 31.42 68.58 10.40
900 11.05 2991 70.09 10.63
1800 12.14 28.71 71.29 10.82
3600 15.37 28.20 71.80 10.89
0 13.49° 28.88¢ 71.12°¢ 10.79¢
SITT 0 0 30.71 69.29 13.66
60 1043 30.33 69.67 13.74
180 10.51 29.56 70.44 13.89
300 10.71 28.69 71.31 14.06
600 11.33 27.61 72.39 14.27
900 11.80 27.65 72.35 14.26
1800 11.08 2595 74.05 14.60
3600 11.68 24.88 75.12 14.81
o 12.14° 25.04¢ 74.96¢ 14.78°¢

® Calculated from I,((—O),Si) using a proportionality constant between C(APS) and I, (APS).
®Calculated from C(o0) using a proportionality constant between C(APS) and I.(APS).
¢Calculated from the best fit of the calculated values to the observed I.(t) vs. 1 plots.
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Fig. 3 Plot of I, (APS) against C(APS) for the three sample systems
(A: SI, B: SH and C: SIII)

data) are given in Table 1. The concentration of the
bound-APS increases with reaction time, reflecting the rate
of the APTS-SMBS reaction.

In order to interpret these elemental analysis data, it is
necessary to invoke a very fast initial reaction process,

80

75
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1)/ %

65
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55\ : : .
0 1000 2000 3000

4000
t/s

Fig. 4 Plots of I.(¢) against ¢ (@, m and a: observed) and best fit
curves (solid lines) for the three sample systems (A: SI, B: SII and
C: SIII)

followed by at least one slower process, since the time
dependence of the concentration of a bound APS moiety
cannot be expressed by a single exponential function.
Caravajal et al. [20] have previously suggested that
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polymerization of silane molecules occurs through a very
fast initial reaction process.

In the present study, we have analyzed the rate data for
the APTS—-SMBS system, and have found that three first
order reaction processes (initial, second and third pro-
cesses) participate in the overall reaction. Furthermore,
after 60 s of reaction time, the concentration of substrate
which remains unreacted in the initial reaction process is
negligibly small and will therefore not contribute to sub-
sequent reaction processes. If we now assume that there
are three reaction processes involved, we may separate the
rate constants for the second and third reaction processes
from the overall reaction process by using the Gauss—
Newton method [24]. The time dependence of the APS-
concentration (C,u(f)) observed in the overall reaction
system may be expressed by

Cons(t) = C1 (1) + C,(t) + C3(1) (2)
Ci(t) = Cy(00) — Cy(o0)e ™", (2a)
C,(t) = Cy(00) — C,(o0)e %" | (2b)
C5(t) = C3(00) — Cs(c0)e ™", (2¢)

where C;(t) (i=1,2 and 3) is the APS-concentration,
which depends on the reaction time (t) in the i-th reaction
process, C;(c0) denotes the APS-concentration in the i-th
reaction process at t =oo and k; (i=1,2 and 3) is the
reaction rate constant in the i-th reaction process.

Since C,(t) is assumed to be approximately equal to
zero during the second and third processes, Eq. (2) can
then be reduced to

Cons(t) = C3,3(00) ~ Ca(c0)e ™ — C3(a0)e ™", 3)

where C; 3(c0) = C,(o0) + C3(o0). Equation (3) can be
used to determine the values of k, and k;, which provide
the best fit to the C,.(t) data.

We may predict that the conversion of (—-O);SiOH to
(—O)4Si contributes predominantly to one of the three
reaction processes. In order to check this prediction, the
best fit between the observed APS-concentration data and
calculated values was calculated using Eq. (3) which in-
cludes five parameters (C,_3(o0), C,(o0), C5(0), k, and k3).
The calculated rate constants, k, and k;, of the second and
third reaction processes are listed in Table 4. The values
of k, thus obtained (7.06x107% 6.08x1073 and
1.14 x 10357 ! for the SI, SIT and SIII samples, respective-
ly) are very similar to those calculated (Fig. 4) for the
corresponding rate constants for conversion of (-O);SiOH
to (-0),S1, implying that it is this reaction which is the
dominant contributor to the second reaction process.
Therefore, we may assume that the C(c0) value calculated
from 2°Si NMR intensity data (I(cc), Eq. (1)), is approxim-
ately equal to the C,(o0) value of the second reaction
process expressed by Eq. (2b).

If we now substitute values for the parameter C,(c0),
observed in the 2°Si NMR, and for the APS-concentration
data of samples prepared at 60 s reaction time into Eq. (3),
the five parameters may be reduced to only three para-
meters (C;(o0), k, and k), thereby allowing us to refine the
magnitude of the rate constants. Thus, kinetic analysis
for all concentrations of bound APS in each sample
system could also be carried out using only these three
parameters.

Plots of C,(t) vs. t, which provide the best fit of the
calculated values to the observed data, are shown in Fig. 5
together with plots for separated curves of the second and
third reactions. Values of k, and k3 for the SI and SII

Fig. 5 Plots of C,.(t) against ¢ (m: observed) and best fit curves (solid lines) for the SI ([A]), SIT ([B]) and SIII ([C]) samples. Curves b (dashed)
and c (dotted) are the second and third reaction process curves separated from the best fit curve a

5 25 3.0

25 (B} IC]
o U £ o o
E £ £
3 20 b 3 20 " 35 25}
E‘ z ° iEL a (=b)
= B I ¢ “"g %
K 150 . S 15 S 2.0 -

[
1.0 ol = L 10 e L 15 — L —
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000

t/s

t/s t/s



678

Colloid & Polymer Science, Vol. 275, No. 7 (1997)

© Steinkopff Verlag 1997

Table 4 Kinetic parameters

determined using (a) five Ca(x)  ka(s™h) Cs(x)  ka(s™h C() C2.3 () RMS*®
parameters® and (b) three
parameters® SI (a) 0485 706x107% 0454  806x 10"+ 2341  — 1.49 % 1071
(b) 0.676 3.51x 1073 0.099 787x1074 — 0.775 458 x 1072
SH (a) 0.665 6.08x107% 0.110 347x107% 2096 — 1.47x 1072
(b) 0.920 223x1073  0.097 347x1074  — 1.017 6.93 x 1072
SIT (a) 0.382 1.14x 1073  0.033 917x107% 2391 — 239%x10°2
(b) 0.390 1.06x107% — — — 0.390 1.74 x 1072

3 C3.3(0), C2(0), k; and k; calculated by using Eq. (3).
®C3(oc), k; and k; calculated by using Eq. (3).
RMS: [37, {Cabs(n) — Ceare(n)}?/(n — m)]*'%; m: the number of parameters.

sample systems and of k, for the SIII sample system, as
obtained from the plots, are given in Table 4. The C, ;3(o0)
values for the three sample systems were determined from
both the C,(oc) value observed in the 2°Si NMR analysis
and the calculated value of C;(c0). The values of the rate
constant (k;) and of C(c0) for the initial reaction process,
which were thus obtained, are 4.14x1072s~! and
1.46 umolm ™2, 378 x 1025~ ! and 1.03 ymolm 2, and
7.27x 1072 s~ ' and 1.98 umol m ~ 2 for the SI, SII and SIII
samples, respectively.

For both the SI and SII sample systems, in which
SMBS particles with a smaller pore size were allowed to
react with APTS molecules, there are significant differ-
ences in the relative rate constants for the second and third
reaction processes. This difference may be a consequence
of a difference in reaction temperature (388 K for SI, 333 K
for SII).

The calculated C;(o0) value in each reaction process
and the C(o0) (=C (00} + C, 3(00)) values may be used to
evaluate the extent of contribution of each process to the
overall reaction. For the SI and SII samples, the contribu-
tion of the third reaction is small (5%) but significant.
However, for the SIII samples, 83% of the APS bound at
equilibrium (¢ = oo) participates in the initial reaction pro-
cess and the contribution of the third process is negligibly
small. The results therefore indicate that the first and
second reaction processes are predominant in the overall
APTS-SMBS reaction. In particular, for the SIII samples,
the absence of a third reaction may be regarded as a conse-
quence of the larger pore size.

Reaction mechanism

Figure 6 shows plots of C(APS) against C((-0),Si) for the
SI, SII and SIII samples. When we consider the accuracy
of the C(APS) and C((—0),Si) values, it is clear that the
plots for the SI and SII samples consist of three linear
portions, a, b and ¢, which correspond to the first, second

and third reaction processes, respectively. For the SIII
samples, only two linear portions a and b are seen and
these correspond well to the initial and second reaction
processes, respectively. Since the SIT and SITI samples were
prepared at the same temperature (333 K), the marked
difference in the plots may be attributed to the difference in
the pore size between the two sample systems, indicating
that the linear portion ¢ is characteristic of samples with
a small pore size.

If we assume that reaction between one of the three
hydroxyls on an APTS molecule and one of the SMBS-
hydroxyls produces one molecule of an (-0O),Si species,
then the slope of a C(APS) vs. C((-0),Si) plot should
be unity. However, each of the three linear portions
has a different slope, indicating different numbers of
APTS molecules participating in the conversion of
(-0)3SiOH — (-O),Si. The difference is strongly depen-
dent upon reaction time and on the nature of the three
reaction processes. The relationship between the values of
C(APS) and C((-0),S1) provides significant information
on the APTS-SMBS reaction, since the average concen-
tration of APTS which has participated in the (-O);SiOH
to (—0O),S1 reaction may be evaluated from the slope of the
plots.

For the SI sample system (Fig. 6[ A]), the slope of the
first linear portion a (3.7) is greater than that of the second
portion and its magnitude implies that approximately
three to four APTS molecules participate in the
(-0)3Si0OH to (—0),Si reaction. A similar conclusion may
be made from slope a in the plot for the SII samples
(Fig. 6[B]). However, it should be noted that the slopes of
the a portions for the three sample systems are different
from each other and that slope a for SIII (27.1) is consider-
ably larger than those for SI (3.7) and SII (3.0). We may
assume that this difference reflects the mechanism of an
initial reaction process, as described below.

In the initial reaction process, when APTS molecules
react with hydroxyl groups on SMBS particles, polymeriz-
ation occurs simultaneously between unreacted APTS
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Fig. 6 Plots of C(APS) against C(( -O)4S1) for the three sample systems ([A]: SI, [B]: SII and [C]: SIII)

molecules and bound APS moieties. The degree of poly-
merization will be reflected in the value of slope a and,
moreover, will depend on the pore size of an SMBS par-
ticle. For the SI and SII samples with a smaller pore size,
the degree of polymerization should therefore be smaller
than that for the SIII samples. However, the larger pore
size of an SMBS particle should promote polymerization
(see below), leading to a pronounced increase in slope a for
the SIII sample. The smaller difference in the a-slopes
observed for the SI and SII samples is probably due only
to the effect of temperature, rather than pore size. Since
unreacted APTS-molecules are limited in number, poly-
merization will terminate. Thus, 80% of the total quantity
of APS bound at the time of first sampling (60 s) may be
consumed by polymerization or oligomerization.

Caravajal et al. [20] have proposed that the amount of
water involved in the silane reaction system is the critical
factor in the process of polymerization. Therefore, in the
second reaction process, further condensation between
bound APS moieties (or among APS oligomers or APS
polymers) and SMBS—hydroxyls, probably predominates.
However, since this reaction process does not contribute
to an increase in APS-concentration on the surface of
SMBS, the slope of the linear portion b should approach
zero, as observed. When the bound APS moieties react
with the SMBS-hydroxyls, the unreacted hydroxyl groups
of the APS moiecties may be sterically hindered, leading to
the observation of a higher activation energy in the second
process.

We may discuss the effect of pore size on the reaction
process in detail. In particular, the observation that slope
a for the SIIT samples (27.1) is approximately ten times that
for the SIT samples may be ascribed to the larger pore size
of the relevant SMBS particle. For the SMBS particles
used for preparation of the ST and SII samples, the average

pore size (5.5 and 8.1 nm) of a particle is four to five
times that (1.5 nm) of the extended form of an APTS
molecule. Such a small pore size would probably prevent
polymerization of APTS molecules on the silica surface
and bring about an increase in the population of
oligomers. Conversely, for the SIII samples, in which the
SMRBS particles have an average pore size of 11.6 nm,
further polymerization of APTS molecules may possibly
occur within the interior pore space, which will be large
enough to accommodate oligomerized APTS molecules
and provide extra space for their diffusion toward the
pore interior and further condensation. The extremely
large slope of linear portion a for the SIII samples
may indicate that polymerization of APTS molecules
has occurred on the surface by the time of first sampling
(60 s). We may conclude that the magnitude of slope a re-
flects the degree of polymerization of APTS in the reaction
process.

Thus, the average pore size (11.6 nm) of the SIII sam-
ples may be close to the limit of the pore size in which
polymerization of APTS molecules is possible, leading to
the assumption that polymerization does not occur within
a pore space of diameter smaller than 8.1 nm. In this
present study, we emphasize that the effect of higher tem-
perature was examined for the SI samples on the basis of
this assumption. The larger slope ¢ in the plots for the SI
samples compared with that for the SIT samples may be
due to the effect of this higher temperature. This result
implies that a higher temperature promotes the third reac-
tion process, as discussed below.

The initial and second reaction processes result in
formation of networks of cross-linked APS oligomers
(or polymers) bound on the SMBS particles. Un-
reacted hydroxyl groups of bound APS moieties probably
still remain in the APS networks, and unreacted APTS
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molecules will also be incorporated into the networks.
They may cause a further condensation reaction with
unreacted SMBS hydroxyls, thus constituting the third
process. However, unreacted hydroxyls of bound APS
moieties incorporated into the networks are likely to be
extremely sensitive to steric hindrance.

Conclusion

Three sample systems were prepared by sequentially
sampling the substrate from the reaction vessel at various
time intervals and the rate of the APTS—silica gel reaction
was monitored. The concentrations of bound APS and the
corrected 2°Si signal intensities of an (—0),Si species were
found to be dependent upon reaction time, reflecting the
rate of the APTS-silica gel reaction. Kinetic analyses of

elemental analysis data suggested that the reaction of
APTS and silica gel was followed by competition between
a slower second reaction and a much slower third reaction.
Rate constants for each reaction process have been ob-
tained for each of the three sample systems.

The 2°Si NMR results show conclusively that conver-
sion of (—-0);SiOH to (—0),Si is the dominant contributor
to the second reaction process. Identification of a correla-
tion between C(APS) and C((—0)4Si) led to a discussion of
the concentration of APTS which could participate in the
conversion of (—0);SiOH to (-O),Si.

The effect of pore size on the reaction mechanism may
be summarized as follows. A small pore size effectively
interrupts polymerization of APTS molecules on the silica
surface and brings about an increase in the population of
oligomers, while a larger pore size makes it possible for
APTS molecules to polymerize.
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