8

CONTRIBUTION TO THE

KINETICS OF GLASS
FORMATION FROM SOLUTIONS

HELMUT SCHMIDT AND ALFRED KAISER

Fraunhofer-iInstitut fir Silicatforschung,
Warzburg, West Germany

MICHAEL RUDOLPH AND AXEL LENTZ
Abteilung fur Anorganische Chemie,
Universitat Ulm, West Germany

INTRODUCTION

The kinetics of hydrolysis of tetraalkoxysilanes have been investigated by
different authors.? ~3 Depending on reaction conditions different orders of the
overall reaction were found and different mechanisms of the transition states
were postulated. Generally, these papers do not take into account the possibility
of different rates in the single reaction steps of the hydrolysis of the different
species (RO),Si{OH), -, (n = 4 to 1) for the reaction

(RO),Si(OH); -, + H,0 — (RO}, Si(OH)4 - (,- 1, + ROH (1

If different rate constants for the reaction with different values of n are assumed,
it is unlikely that the reaction can be simply described. The results described
elsewhere®’ show that for special reaction conditions one can describe at least
the beginning of hydrolysis as first order overall kinetics. In this paper the
experimental conditions of hydrolysis were varied with respect to higher and
lower catalyst concentrations. Furthermore, mechanistic aspects of the hy-
drolysis reaction are discussed.
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EXPERIMENTAL

The reaction of Si(OR), with water was monitored by measuring the H,O
concentration via IR spectroscopy. The concentration of H,O represents the
number of unhydrolyzed OR groups exactly, as long as no condensation takes
place.® It could be shown thatina 1:1 mixture of silane and ethanol the absorb-
ance of water at 1650 cm ™! follows Lambert—Beer’s law up to 87, by volume
and with minor corrections up to about 1094 by volume. This was valid for HCl
concentrations up to 1 mmole/L and NH; concentrations up to 100 mmole/L.
The IR data were transmitted to a data processing system, where baseline
corrections and kinetics plots could be made.

Tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) were chosen
to be studied. The water to silane ratios were 1:2 to 2:1 (by moles), yielding a
ratio of hydrolysable groups to water (SiOR:H,0) from 8:1 to 2:1. Ethanol
was used as the solvent for silane and catalyst. The volume ratio of silane:
ethanol was kept at 1:1. HCI was used as catalyst in concentrations from 0.1
to 1.0 mmole/L and NHj in concentrations from 10 to 100 mmole/L. The high
NH, concentrations were necessary for a reasonable reaction time. The reaction
temperature was kept at 20°C (in all experiments) by use of a thermostated cell.

RESULTS AND DISCUSSION
General Considerations

Figure 8.1 shows a comparison between the hydrolysis of TMOS and TEOS
with identical HC] concentrations and the NH 5 catalyzed hydrolysis of TMOS.

Generally the reaction rate of hydrolysis of TMOS is remarkably faster than
that of TEOS if similar reaction conditions are used. In the case of HCI catalysis,
the half life (with respect to water consumption) is about 10 to 20 times higher
with TEOS than with TMOS. Further systematic experiments confirm that
these results are independent of HCI concentration and of the starting amount
of water which is consistent with former data. With NH as a catalyst the differ-
ences between the reaction rates seem to be even higher than with HCL How-
ever, with base catalysis condensation takes place much earlier than with acid
catalysis and therefore interpretation cf long-term experiments is more difficult.
Another general difference between HCl and NH, catalysis is that NH;-
catalyzed reactions require higher catalyst concentrations for similar reaction
rates. This might be due to the fact that HCl is a strong and nearly completely
dissociated acid, whereas NH is a weak base which remains mainly undissoci-
ated as NH,OH in the reacting system.

Though these experiments were carried out with an understochiometric
amount of water with respect to hydrolysis of all SIOR groups, hydrolysis was
not complete and stopped at a residual amount of about 5-20% water. There
was a tendency for residual concentrations to increase with increasing starting
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Figure 8.1 Hydrolysis of TEOS with HCI catalysis (curve a) and of TMOS with HC! (curve b)
and NH; catalysis (curve ¢).

concentrations. With NH; catalysis sometimes an intermediate increase of
water concentration could be observed, indicating that the condensation reac-
tion overcomes the effect of water consumed by the hydrolysis reaction.

Kinetic Results

Hydrolysis experiments were carried out with TMOS and TEOS using HCl and
NH; as catalysts in concentrations of 0.1 to 1.0 mmole/L (HCl) and 10 to 100
mmole/L (NHj;), which confirmed the tendencies described above. The curves
obtained from reaction conditions with half lifes of less than about 500s
generally can be fitted approximately with first order kinetics according to the
restrictions mentioned above. A typical example of this type of curve is shown
in Fig. 8.1, curve b. Curves with half lifes of significantly more than 500 s show
something like “inhibition phases” (curve a, Fig. 8.1). The hydrolysis curve of
the latter type cannot be explained by a single reaction using only one reaction
order and one rate constant k. As a consequence, k values computed under
the assumption of a definite order of reaction should vary with turnover
Lk, Eq. (2) = first order; ky, Eq. {3) = second order].
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TABLE 8.1 Rate Constants k; (First Order Assumption) and k; (Second Order
Assumption) Calculated After Different Consumption of Water

ky x 10°%
ke x 10%(s™) ({L-mole™*-s7™h)
After Water After Water
Caralyst Consumption of Consumption of
Concentration SIOR:H,O0

Silane Catalyst (mmole/L) Ratio 20% 30% 50%  20%  30% 509
TEOS HCH 0.5 2:1 0.11 0.14 0.19 1.14 151 227
4:1 0.39 0.42 0.49 397 435 528
8:1 0.49 0.57 0.72 500 582 744
0.1 2:1 0.01 0.01 0.01 0.09 012 017
4:1 0.04 0.05 0.07 036 048 071
8:1 0.06 0.08 0.11 0.62 080 110

TMOS HCl 0.5 2:1 1.70 2.10 2.98 180 228 367

4:1 232 3.21 495 239 335 533

8:1 3.28 4.20 559 332 428 579

0.1 2:1 0.27 0.30 0.39 29 32 4.5

4:1 0.29 0.42 0.68 3.0 4.4 7.3

8:1 0.66 0.77 0.59 6.6 79 102
TMOS NH; 50 2:1 1.16 1.06 094 1224 11.59 10.96
4:1 0.74 0.84 0.88 7.64 874 948
8:1 0.47 0.62 0.92 471 631 9.58
10 2:1 298 0.13 0.11 1.41 144 1.25
4:1 0.10 0.13 0.17 1.04 132 L8t
8:1 0.04 0.05 0.09 045 056 088

Table 8.1 compares turnover dependence of k values calculated according
to assumptions of first or second order reactions.

The most important consequence of these results is that a first order assump-
tion as suggested from earlier results cannot be maintained, if the reaction
conditions are varied over a wider range. Since the type b curve cannot be fitted
with any other reaction order, and since it is unlikely that the chemical mech-
anisms of the reaction change remarkably with the relatively modest change of
pH and H,O concentrations, the influence of different rates of the single
reaction steps has to be considered.

Effect of Water Concentration

Regardless of the formal treatment and the rate of water turnover, Tabie 8.1
shows a remarkable effect of the SiIOR:H,O ratio on the reaction rate. In the
case of HCI catalysis the reaction rates generally increase as the starting con-
centration of water decreases. Figure 8.2 shows the dependence of the relative
hydrolysis rate constants of TEOS on HCl concentratior and on the SiIOR:H,0
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Figure 8.2 Dependence of the relative rate constants &, - f of the hydrolysis of TEOS with HCl as
catalyst from the HCl concentration and from the starting SiOR : H,O ratio. (Normalization factor
f=500.)

ratio. The constants are calculated from Eq. (2) after 509 consumption of the
initial water. Similar results are obtained by using Eq. (3) and also for the
TMOS system.

With NH; as catalyst the effect of the starting concentration of water on the
reaction rate is less clear. If one calculates relative k values from an early state
of the reaction, there often is an interference from the “inhibition phase”, but
later in the reaction the influence of the condensation reaction becomes stronger
and can lead to errors. Therefore Fig. 8.3 shows the relative rate constants for
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Figure 8.3 Dependence of the relacdve rate constants & - f of the hydrolysis of TMOS with NH;
catalysis from the NH; concentration and from the SiOR:H,O starting ratio. (Normalization
factor /= 300.)
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SiOR:H,O starting ratios of 2:1, 4:1, and 8:1 using TMOS. Despite the scat-
tered data the trend toward higher reaction rate constants with higher starting
amounts of water becomes clear.

Mechanistic Aspects

The results of the measurements of hydrolysis reaction rates in the systems TEOS
and TMOS with HCl and NH; as catalysts show that considering only an
overall hydrolysis reaction can be misleading. Therefore the single reaction
steps of Eq. (1) have to be taken into consideration. From theoretical considera-
tions it becomes probable that the hydrolysis rate increases with an increasing
number of hydrolyzed OR groups of the reacting silane due to a decrease in the
stabilizing effect of alkyl groups in the transition state. In order to find out the
effect on the hydrolysis reaction of this assumption, a computer simulation of the
single hydrolysis steps was performed. For computing the actual concentrations
of the (RO),Si(OH), — , species first order kinetics and a ratio of 1:2:4:8 for the
k values of the single steps of reaction (1) was assumed. Figure 8.4 shows the
relative concentrations of each (RO),Si(OH), -, species versus H,O content.
The resulting curve (dashed line) represents the total “activity” of hydrolysable
species derived from the sum of the concentrations of each alkoxy- or hydroxy-
silane multiplied with its relative rate constant. This curve indicates that a
maximum of “activity” occurs somewhat after the beginning of the reaction.
This behavior shows an “inhibition phase” followed by a region of maximum
activity where water is consumed very rapidly due to an “acceleration phase”
in the H,O consumption curve. These results however do not indicate whether
the reactions of the single species follow first or second order kinetics.
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Figure 8.4 Computer simulation of the relative concentrations of the different hydrolysis inter-
mediates [« = (RO),Si; b = (RO);SIOH: ¢ = (RO),S1(OH);: d = ROSi{OH);: ¢ = S{OH),].
Dashed line: resulting summarized “activity” (explanation se¢ text).
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The different effects of water in acid and base catalyzed systems may be due
to the fact that HCl is a strong acid which is completely dissociated. Increasing
amounts of water reduce the activity of protons by hydration with respect to

Hzo + H+ : H30+ (4)
SiOR + H” = SiO™R (5)
- H
ey

the formation of (I) which is considered as an important intermediate in the
hydrolysis path. In the case of NHj; as catalyst water is needed to build up the
catalytically active OH ™ species; so increasing amounts of water lead to higher
OH "™ activity:

NH; + H,O = NH,OH .= NH; + OH"™ (6)

These mechanistic ideas have not yet been proved, but they can explain the
results obtained from the experiments reported above. In order to complete the
analysis more concentrations of the reaction components, especially the
SIOR:H,O ratio need to be studied. More information is also expected from
extended computer calculations with systematic variations of the single rate
constants. Additional data also can be expected by quantitative chemical
analysis of (RO),Si(OH), -, species as a function of reaction time and by com-
paring the effects of different catalysts (weak acids or strong bases).
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