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ABSTRACT: The hydrolysis rate of alkoxy silane (dimeth-
yldiethoxy silane, DMDES, etc.) is a linear relationship vs.
the reaction time under the moisture flux control. The hy-
drolysis process results in formation of the linear polysilox-
ane products by a subsequent condensation reaction. An
amidized alkoxy silane (3-(2-aminoethyl)aminopropylmeth-
yldimethoxy silane, KLM-602 or y-aminopropyl- triethoxy
silane, y—APS) serves as an internal standard of DMDES

hydrolysis kinetics measurements. The hydrolysis kinetics
of DMDES with the amidized alkoxy silane and the subse-
quent linear polysiloxanes conversion have been evaluated
and characterized by *°Si- and ">*C-NMR NMR spectroscopic
measurements. © 2002 Wiley Periodicals, Inc. ] Appl Polym Sci 86:
468-477, 2002
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INTRODUCTION

This study is on the hydrolysis reaction of alkoxy
silane and its results in the formation of silanol deriv-
atives and polysiloxanes. A larger alkoxy group on
silane and a slower hydrolysis rate resulted.' These
trends are the same in both the acid and base catalytic
sys’terns.4’5 Various factors, such as pH value,®™ cata-
lyst,'!! solvent,'? ratio of water to alkoxy silane,'® as
well as the structure of alkoxy silane,'* all have effects
on the hydrolysis and the sequential siloxane conver-
sion. Hydrolysis rate constant (K},) of y-glycidoxypro-
pyl trimethoxy silane is about 10* to 10° M ™' s™',® and
its condensation rate constant (K,,,) of trimethyl sila-
nolis 10" °* M~ ' s ! with a weak base medium.’ As for
ethyl silicate, its K, is 107* M~ ' s~ !, at a pH value of
y_315-17

Chemical shifts of silicone with different bonded
groups are distinguishable in **Si-NMR spectra.'®™>!
For instance, various sizes of cyclic siloxane have a
single peak but with different chemical shifts in *°Si-
NMR spectra.”’ > Furthermore, the hydrolysis mech-
anism of the silane coupling agent** and its reaction
on the silicate surface are investigated by means of the
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measurements of "*C-NMR accompanied with *°Si-
NMR.25_29

Hydrolysis of alkoxy silane results in cyclic or linear
siloxane formation, depending on water quantity. In
the case of ethyl silicate solution with a limited
amount of water, it comprises a linear diethoxy silox-
ane at the initial stage of hydrolysis.'”** Under similar
conditions, linear polysiloxanes are obtained from a
partial hydrolysis of dimethyldiethoxy silane.?'
However, hydrolysis of diethoxy silane with an excess
amount of water causes the formation of different
silanediols, such as D,, Ds, D4, and the cyclic oli-
gomers from the subsequent condensation reaction of
silanols.>**”

The hydrolysis of dimethyldiethoxy silane (DMDES)
with amidized 3-(2-aminoethyl)aminopropylmethyl-
dimethoxy silane (KLM-602) or y-amino-propyltriethoxy
silane (y-APS) as an internal standard and controlled by
the moisture flux. Their hydrolysis and polysiloxane
conversion have been investigated by NMR measure-
ments and reported in this article.

EXPERIMENTAL
Materials

Iso-nonanoic acid (INA) was purchased from Exxon
Chemical Co., and is dried over a molecular sieve (4
A) for 7 days before use. y-Aminopropyltriethoxy si-
lane (y-APS) and dimethyldiethoxy silane (DMDES)
were purchased from Petrarch System. 3-(2-Amino-
ethyl)aminopropylmethyldimethoxy silane (KLM-
602) was obtained from Shin-Etsu Chemical Co., Ja-
pan. There were stored in a dry box before use.
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Scheme 1 Silane amidation of y-APS with INA.

Preparation of amidized silane

Iso-nonanoic acid (INA, 17.7 g, 0.11 mol) was taken
and reacted with 25 g (0.11 mol) of y-APS or 234 g
(0.11 mol) of KLM-602. Then the reaction mixture was
slowly heated up to 150°C and kept at that tempera-
ture for 1 h. These two silane amidation reactions of
v-APS and KLM-602 are shown in Schemes 1 and 2,
respectively.

CHCHaCHN(CHR)NH,
MeO—$i—OMe

Me
KIM-602

Amidation — HLO
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Hydrolysis of dimethyldiethoxy silane and
amidized silane (KLM-602)

A reactor with amidized KLM-602 (Ila) (36.7 g, 0.11
mol) and potassium fluoride (0.1 g) as a catalyst was
set up in a water bath at 30°C. Then DMDES (16.28 g,
0.11 mol) was charged for the hydrolysis and the
subsequent condensation reaction by means of the
moisture flux passing through the reactor. The satu-
rated water vapor contains 1.5 X 10™° mol of water
molecule per liter of air at 28°C. The resulting mixture
was diluted with toluene and rinsed twice with water.
The organic phase was dried and sampled for the
molecular weight measurement by a vapor pressure
osmometer.

Alkoxy content was analyzed by means of Zeisel’s
method during the hydrolysis and the sequential con-
densation reactions of DMDES and amidized KLM-
602 (Ila). Karl Fischer titration was employed to de-
termine the water content in silanol solution during
the course of the hydrolysis process.

Hydrolysis kinetics of silane by NMR
measurements

NMR spectra were recorded at 27°C on a JEOL FX-90Q
with CDCl; as the solvent and TMS as the internal
standard for proton NMR spectra. The measurements
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Scheme 2 Silane amidation of KLM-602 with INA.
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Figure 1 (a) ">C-NMR spectrum of amidized y-APS. (b)
*Si-NMR spectrum of amidized y-APS.

of *Si- and "C-NMR spectra were taken with the
pulse angle of 30° at 17.75 MHz and 22.49 MHz,
respectively.

RESULTS AND DISCUSSION

The hydrolysis of DMDES with the amidized silane
(y-APS or KLM-602) was characterized and monitored
by means of 13C- and ?Si-NMR measurements, re-
spectively. >*C-NMR measurement is an effective
method to distinguish the methyl groups on different
silanes and to identify the amide carbonyl carbon on
amidized silane. The different silicone compounds,
such as monomer, dimer, and polysiloxane from the
amidized y-APS, are identified by *Si-NMR spectra.
However, the linear polysiloxane is the only product
existing in the amidized KLM-602 due to the steric
hindrance of the bulky group attached directly on
silicone, which is quite different from that in amidized
y-APS.

Characterization of amidized silane and its
siloxanes

There is only one chemical shift of 6 = 172 ppm in
13C-NMR spectrum for amide carbonyl carbon of
amidized y-APS (free acid of INA at § = 179 ppm is
not found) [Fig. 1(a)]. This is the evidence of complete
amidation of y-APS with INA (Scheme 1). From *°Si-
NMR spectrum of amidized y-APS with INA, the
chemical shifts in amidized y-APS mixture can be
assigned as the monomer (M., 8 = —46.0 ppm), dimer
(D, 8 = —54.2 ppm), linear polysiloxane (the repeated
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siloxane unit) (P,,, 8 = —61.7 ppm), and T-shape
(crosslinked) siloxane structure of y-APS (P;,,
= —68.9 ppm) [Fig. 1(b) and Table I). It appears that
the ethoxy on y-APS is not easy hydrolyzed; therefore,
some of its monomer (M,) and dimer (D,) is still
found in y-APS amidation products.

For the silane amidation of KLM-602 with INA
(Scheme 2), there are two amide carbonyl peaks in
13C-NMR spectrum [Fig. 2(a)]. One of the chemical
shifts is 166 ppm for a compound with a tertiary
amide (Ila in Scheme 2), and the other is 172 ppm for
a compound with a secondary amide (IIb in Scheme 2)
of amidized KLM-602 products. The chemical shift at
172 ppm of compound (Ilb) is similar to that of the
amidized y-APS on the ">*C-NMR spectrum.

Whereas the amidized KLM-602 with the chemical
shifts from —20 to —23 ppm are observed in **Si-NMR
spectrum [Fig. 2(b), these peaks exhibit the structure
of the repeated siloxane units. The methoxy on KLM-
602 is apt to be hydrolyzed and then to become pol-
ysiloxane from that of ethoxy on y-APS. During the
amidation process of KLM-602 with INA, water is
produced as a side product. Then water induces the
hydrolysis of the methoxy group in KLM-602 and the
copolymers are subsequently formed by the conden-
sation reaction. Therefore, polysiloxane (Py,) is the
only major product after the amidation of KLM-602
with INA.

Furthermore, **Si-NMR spectrum of amidized KLM-
602 shown in Figure 2(b) indicates that the intensity of
chemical shift at 6 = —22.8 ppm is stronger than that at
6 = —21.0 ppm. Thus, it is apparent that the siloxane
structure of 6 = —22.8 ppm is referred to as the silox-
ane unit of the secondary amide that is shown on the
compound IIb of Scheme 2. The siloxane unit of the
tertiary amide appears at 8 = —21.0 ppm in the *°Si-
NMR spectrum, and is represented as the compound
Ila of Scheme 2.

DMDES hydrolysis with amidized KLM-602 as an
internal standard

Amidized KLM-602 (P,k) is converted to polysiloxane
completely due to water formation as the condensa-
tion side product from the amidation of KLM-602 with
INA. The hydrolysis of an equal molar ratio of
amidized KLM-602 and DMDES results in the forma-
tion of DMDES derivatives, such as dimer (D4, 6
= —1.2 ppm), polysiloxanes (P,gq, 6 = 0.4 ppm; P, 8
= —1.6 ppm), and unreacted DMDES monomer (M, 8
= —3.7 ppm) as observed in ">C-NMR spectrum (Fig.
3). The chemical shift of repeated siloxane unit of
amidized KLM-602 (P,,) is at —1.6 ppm, which over-
laps with that of the dimer (Dgy) of DMDES in the
reaction mixture. It is difficult to calculate the amount
of each peak representing these two different struc-
tures. However, there are two methyl groups on sili-
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TABLE I
NMR Chemical Shifts of Alkoxy Silanes
Chemical shift
Symbol Representative 13C-NMR 2Si-NMR
(lfH}
M, Monomer of DMDES E[O—ﬂ?i——OEI —3.7ppm —5.0ppm
CH;
D, Dimer/End capped of DMDES gH 5 (l‘H; —1.2ppm —13.6ppm
E[O—.lgl—'()-—\?l—()El
CH; CHz
Py, Repeat unit of DMDES ({H; ?H; (l‘H; 0.4ppm —22.0ppm
—%1—()—(—?‘1-()—(—?1——
CH: CH: CHs
T T
Py Repeat unit of KLM-602 w?wn*—%r()a\s‘\w— —1.6ppm
CH, CH, CH,
M, Monomer of y-APS (Et0)3S 1_@ —46.0ppm
D, Dimer/End capped of y-APS —54.2ppm
. 1
(EtO) ;=5 1—=0—Si—(0E1)>
P Repeat unit of y-APS ) —61.7ppm
” ¥ b @ 2 PP
—S—0~51— ()?Sl*
El
P, T-shape of y-APS —68.9ppm

! @ !

—S51—=0=Si1—=0Si—
U

0
|

_Sl_

Note: ™™ —¢(CH,)sNH(CH, )oNH,

U774 —¢CH,)aNH,

cone in DMDES and only one methyl group on sili-
cone in KLM-602. The total amount of the methyl
group can be measured by the peak area summation
from the chemical shifts of — 4.0 to 1.0 ppm in the
®C-NMR spectrum (Fig. 3), because the equal mol
(0.11 mol) of amidized KLM-602 and DMDES are
charged. The total number of methyl groups on these
two silanes is deduced as the following:

szxzsz+Dd+P2d (1)

The values of P,4 and M, are measured directly from
the chemical shifts corresponding to —3.7 and 0.4
ppm, respectively, in the ">C-NMR spectra. Each cor-
responding peak area is measured from the spectrum
by integration. Equation (1) can be rearranged as the
following;:

Dy = Py X2 — (My+ Py) (2)

The value of P,, (Table II) is calculated by one-third of
the total methyl group peak area in the chemical shift
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Figure 2 (a) ">*C-NMR spectrum of amidized KLM-602. (b)
*%Si-NMR spectrum of amidized KLM-602.

range, 8§ = —4.0 to 1.0 ppm in *C-NMR spectra at
various hydrolysis times (Fig. 4). Then the value of D4
(Table II) is calculated according to eq. (2). Therefore,
the siloxane conversion percentage of each hydro-
lyzed sample is defined as [(0.5 Dy + P,q)/Po X 2] X
100% shown in Table II.

Similarly, because the chemical shift of this labeling
carbon (—CH, ) in the structure of Si—O—CH,CH; is
& = 55.6 ppm, the peak area induced from the labeling
carbon is available in comparison with that of P,, on
the amidized siloxane (KLM-602). The ethoxy silane
content is measured by the peak area ratio of labeling
carbon to amidized KLM-602 during the hydrolysis
process. The plot of ethoxy content (determined by
Zeiel’'s method in Table III) is taken in logarithm
against the hydrolysis time, and it appears a linear
relationship (Fig. 5).

Effect of water content in alkoxy silane hydrolysis

By controlling the equivalent ratio of H,O/Si—OR
and results in various condensation reaction products.
The reaction mixture contains insufficient water, and
the resulting system comes to be a Si—OR terminated
polymer formation.

An alkoxy silane, DMDES, is hydrolyzed with
amidized silane (KLM-602) under moisture flux con-
trol. Water in the reaction mixture is exhausted almost
as soon as water diffuses into the system during the
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hydrolysis of alkoxy silane. A linear relationship of the
siloxane conversion and the ethoxy (Si—OCH,CH,)
content from DMDES vs. the hydrolysis time is ob-
served (Fig. 5). Hence, it is possible to monitor the
hydrolysis process and its consequence condensation
reaction of DMDES in this moisture flux system.

Hydrolysis and condensation kinetics of DMDES

When water is in contact with DMDES with a catalyst
(potassium fluoride) in the hydrolysis process, it re-
sults in silanol formation on the first stage as follows:

K,
SiOEt + H,0 —> SiOH + EtOH 3)

Once silanol is formed, it condenses further with SiOH
or SiOEt and produces water or alcohol in the system.
These are expressed as in egs. (4) and (5).

I<CH/‘/2
2 SiOH ——> 2 (Si0—)Si— + H,0 (4)

K./2
SiOH + SiOEt—>2(Si0—)Si— + EtOH  (5)

According to egs. (3) and (5), the amount of SiOR
disappearing with respect to the hydrolysis time is:

d(SiOEt)/dt = — K,(SiOEt)(H,0)
— (K./2) (SiOH) (SiOEt) (6)
Because the disappearance of SiOH is related to egs.

(3), (4), and (5), the amount of SiOH vanished vs. the
hydrolysis time can be expressed as follows:

K‘

- M y(-3.7ppm)

Px(-1.6 ppm)

D:(-1.2 ppm)

P (0.4 ppm}) -

Figure 3 '"C-NMR spectrum of DMDES with amidized
KLM-602.
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TABLE 1I
Siloxane Conversion of Silanes Hydrolysis

BC-NMR (ppm) Peak Intensity®

a

Sample Hydrolysis M, D, Py, Py Siloxane
no. time (min)® -3.7 -1.2 +0.4 -1.6 conversion (%)<
1 40 8.7 44 — 6.5 17.0
2 100 3.0 8.7 2.0 6.8 46.3
3 160 2.6 5.0 8.0 7.8 67.3
4 220 — 1.8 8.6 53 91.3
5 280 — 1.1 6.5 3.8 92.7

2 Silanes are the mixture of DMES and Amidized KLM-602.

 Hydrolysis reaction is carried out at 30°C with potassium fluoride as a catalyst.

€ The peak intensity based on each peak area in '3C-NMR spectra. The repeated siloxane units of DMDES and amidized
KLM-602 are represented as P,; and P, respectively.

4 Siloxane conversion (%) = [(0.5 D; + P,;)/P,; X 2] X 100%.

d(SiOH)/dt = K, (SiOEt)(H,0) — (K.,/2) (SiOH)* eq. (10) is also ambiguous. However, the hydrolysis of
. . DMDES can be estimated as the SiOEt content de-
~ (Ku/2) SIOH)SIOE) (7). eages according to eq. (6). For considering SiOEt

tent (Table III), eq. (6 b itt follows:
From egs. (4) and (5), the rate of siloxane conversion is content (Table III), eq. (6) can be rewritten as follows

shown as follows:
d(SiOEt)/(SiOEt) = —[K, (H,0)
d[(Si0O—)Si—]/dt = K, (SiOH)? — (K../2) (SiOH)|dt (11)
+ K.(SiOH)(SiOEt) (8)
Both sides of the above equation are integrated with
Both water and alcohol are the by-products of DMDES  the result of
hydrolysis. The rates of water and alcohol formation
can be expressed as in egs. (9) and (10), respectively. In (SiOEt) = —[K, (H,0) — (K./2) (SOH)]t  (12)
d(H,0)/dt = — K, (SiOEt) (H,0) + (K,/2) (5iOH)
) There is a linear relationship for the siloxane conver-
sion against the hydrolysis time (below 90% conver-
_ . sion) as shown in Figure 5. It shows that a constant
d(EtOH)/dt = K, (SIOEY) (H,0) rate of polycondensation occurs in hydrolysis under
+ (K,/2) (SiOH) (SiOEt) (10)  moisture flux control, bcause the concentration of
[SiOH] is quite low (9 X 1073 to 4.6 X 10~% M shown
When the hydrolysis occurs under moisture flux, then  in Table IV) during the hydrolysis process. Therefore,
obviously the water content in the hydrolysis mixture  the term of [SIOH] can be ignored and eq. (8) can be
cannot be defined in eq. (9), and the yield of ethanolin  reduced to the following:

- (Pt ¢

10 5 0 -5 -10 105 0 -5 -10 1w 5 0 -5 -i0 1 s 0 -5 -10 105 0 -5 -10
(ppm)

Figure 4 BC-NMR spectra of the products from the hydrolysis of DMDES with amidized KLM-602 at various reaction times.
(a) 40 min; (b) 100 min; (c) 160 min; (d) 220 min; (e) 280 min.
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TABLE III
Ethoxy Silane Content during the Hydrolysis of Silanes®

Peak’s Area®

Amidized Si—O0—C,—C, Peak area ratio —OEt % by —OEt % by
Sample no. KLM-602 P, C, of —OEt B (B/2P,y) %° 13C-NMR? Zeisel’s method —In[—OEt]®
1 6.5 12.0 92.3 19.2 18.5 —0.89
2 6.8 11.0 80.9 16.8 15.0 -1.10
3 7.8 6.0 38.5 8.0 7.5 -1.79
4 5.2 — — — 3.2 —2.65
5 3.8 — — — 1.0 —3.82

@ The hydrolysis process of DMDES with amidized KLM-602 and its theoretical wt % of the total Si-OEt charged initially
from DMDES is calculated as following;:
90 + {[(MW of INA) + (MW of KLM-602) + (MW of DMDES)] — [18 + 31 X 2] = 20.8%.

 The Correspondin§ chemical shifts of amidized KLM-602 and C, of —OEt (from DMDES) are located at —1.6 and —55.6
ppm; respectively in ?C-NMR spectra.

¢ The peak area ratio of these two peaks are calculated according to the following equation:

(Peak’s area of C-1 at —OEt) +~ (Peak’s area of P, X 2) X 100%
9 The estimation of Si—OEt content is based on ">C-NMR peak area ratio of these two peaks and its calculation is based
on the following equation:
—OEt % = 0.21 X (total charged SiOEt wt % of DMDES) X (peak area ratio).
¢ The values of In[—OEt] are obtained from the concentration [M] of SiOEt.

d[(Si0—)Si—]/dt = K,(SiOH) (SiOEt) (13)  be caused by a trace amount of SiOEt residue that
remained in the solution, and its hydrolysis is de-

Therefore, K, can be calculated from eq. (13) by using ~ pressed by the phase separation in the KF-H,O/silox-
the data listed in Table IV. The average value of K., is  ane system. The K, value is 1.03 M 'm™" (1.6 X 1072
2.44 X 107" M~ ' m~" for further calculation. From the =~ M ' s™') on Table V under 8 X 10~ M water content.

slope in Figure 6, Kj, can be estimated from eq. (14). In fact, the water concentration solution exerts an
influence on the hydrolysis rate (K;,) as shown in Fig-
Aln (SiOEt) ure 6.

A= [Ki(H0) — K./2 SO (14)

Linear polysiloxane conversion from DMDES
Thus, the K, value of sample No.5 in Table V is taken  hydrolysis
at the end of hydrolysis; it has the least value of 2.0 . . .
X 1072 M71 m*l (33 X 1074 M71 571). ThIS Value is HydrOIYSIS Of DMDES with AmldlZed KLM-602
still larger than that of DMDES hydrolysis with NH;  In the case of DMDES reacting with silicate, the chem-
as the catalyst (K, < 1.0 X 10°* M~ "' s~ ')."" This may ical shifts at —20 and —100 ppm on 2’Si-NMR spectra

100 T T T

90 + 50 N

80.] L10
40
70

60 304

%
In(OEY)

50+

[H,0]
M] x 107

20
40

Siloxane conversion (%)
K,
M'm"yx 10"

30

204"

T T T T T T T
150 200 250 300 0 50 100 150 200 250 300
Reaction time (minutes) Reaction time (minutes)

T
0 50 100

Figure 5 Ethoxy silane content and siloxane conversion Figure 6 Hydrolysis rate constant and water content of
during DMDES hydrolysis at various reaction times. DMDES at various reaction times.
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TABLE 1V
Siloxane Conversion of DMDES Hydrolysis
Sample [SiOH] [M] [SiOR] [SiOH][SIiOR] d[Si—O—Si] /dt KoMt
no. X 1071 M] M] x 107! M/m X 1072 m ' x 10!
1 0.09 4.11 0.37 1.98 5.38
2 0.46 3.34 1.53 1.98 1.29
3 0.42 1.66 0.70 1.98 2.83
4 0.10 0.71 0.07 1.04 1.45
5 0.35 0.23 0.08 1.04 1.28

are observed. However, for methyltriethoxy silane in-
stead of DMDES, the chemical shifts is found between
—65 and —100 ppm.* During the catalytic hydrolysis
of DMDES and KLM-602 using potassium fluoride as
a catalyst, DMDES prefers to bond with amidized
KLM-602 (compound Ila) rather than reacting with
itself. This is due to the methoxy in amidized KLM-602
hydrolyzing faster than that of the ethoxy group in
DMDES (Scheme 3).

Thus, the end groups of SiOMe and SiOH attached
on amidized KLM-602 have been exhausted, and are
converted to the structure of EtO—Si(Me)-Amidized
KLM-602 (compound III in Scheme 3). This indicates
that only the ethoxy group is left on the initial hydro-
lysis stages of DMDES addition as shown in 2°Si-NMR
spectra [Fig. 7(a) and (b)]. When the moisture flux is
applied for controlling the hydrolysis, only the me-
thoxy group reacts with water moisture and results in
silanol formation and then it reacts with SiOEt of
DMDES to obtain a linear polysiloxane by the step-
wise condensation reaction. It is possible to form a
linear polysiloxane because of the concentration of
silanol (9 X 1072 to 4.6 X 10~2 M, which is shown in
Table IV) is too low to form a cyclic compound by
self-condensation.

The chemical shifts on P,y and P, of the polycon-
densation products (Table I) represent the repeated
siloxane unit of DMDES and amidized KLM-602, re-
spectively. These chemical shifts overlapped each
other in the range of —20 to —23 ppm in **Si-NMR
spectrum. The overlapping area broadens in the spec-
trum not only due to the different chemical structure,
but also by the various molecular weight distributions
inherent on polymerization. Therefore, the area corre-
sponding to P,4 and P, cannot be clearly identified in

NMR spectrum. Even though the hydrolysis of
DMDES with KLM-602 still can be investigated from
the various amount of DMDES monomer (M,) and its
dimer (D;) for which comprises different chemical
shifts at —5.0 and —13.6 ppm on *’Si-NMR [Fig. 7(a)].
During the DMDES hydrolysis process, the monomer
content decreases as the dimer content increases with
increasing the hydrolysis time. There is a small
amount of DMDES monomer (M;) and a maximum
amount of DMDES dimer (D,) found after 2 h hydro-
lysis [Fig. 7(c)]. The chemical shift of D, disappeared
after 3.6 h hydrolysis but formed the repeat trf units of
DMDES siloxane (P,q). Finally, only the chemical
shifts of P,4 and repeated units of amidized KLM-602
(P,y) is shown in the ?°Si-NMR spectrum [Fig. 7(e)].
These final products have been treated with toluene
and washed by water. The number-average molecular
weight (M,,) of the final product is around 2000, which
is measured by a vapor pressure osmometer. This
indicates that the linear copolymer III (Scheme 3) can
be one of the polycondensation products from the
hydrolysis of DMDES with amidized KLM-602.

Hydrolysis of DMDES with amidized y-APS

The chemical shifts of —4.5, —12.5, and —22.0 ppm in
#Si-NMR spectra corresponding to monomer (M,),
dimer (D,), and the repeat siloxane unit of DMDES
(P5g)- On the other hand, the corresponding species on
chemical shifts of —46.0, —53.5, and —68.0 ppm are
monomer (M,), dimer (D), linear polysiloxane (P,,),
and three-dimensional siloxane (P;,), respectively,
from the hydrolysis and the subsequent condensation
reaction of amidized triethoxy silane (y-APS) [Fig.
8(a)]. There are two peaks in the chemical shift range

TABLE V
Hydrolysis Rate Constant of DMDES

Sample no. [H,0] [M] X 102 d In[SiOR]/dt X 1073 K_,[SiOH]/2 x 103 K, M *m™) x 107!
1 45 —14 -1.1 29
2 0.8 -14 —5.7 10.3
3 0.9 -1.4 —-5.1 9.4
4 7.9 -14 -1.2 1.6
5 49.5 —14 —43 0.2

K_, value of 2.44 X 107" M~' m™! is taken for K, value calculation.
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Scheme 3 Hydrolysis of DMDES with amidized KLM-602.

of —20 to —22 ppm in the *Si-NMR spectrum [Fig.
8(d)] are found. One chemical shift centered at —20
ppm, represents as P,y and the other chemical shift
centered at —22 ppm assigned as P,4. The intensity of
P,y is enhanced after the hydrolysis solution of Figure
8(c) is heated at 50°C for another half hour [Fig. 8(d)].
It may be due to the polysiloxane (P,4) possess active
groups (e.g., ethoxy silane), which react with the third
ethoxy silane functional group on P,, of amidized
v-APS. Thus, the chemical shift of P,y (at —22 ppm)
shifts to —20 ppm, and it is assigned as P,4.. Mean-
while, the chemical shift of P, disappeared [Fig. 8(c)],
and that of P;, was enhanced [Fig. 8(d)]. Because of
the remaining ethoxy silane groups of the repeated
siloxane unit of amidized y-APS, (P,,) condensed fur-
ther to form three-dimensional amidized y-APS (P;,).
It is obvious that these polysiloxanes have the capa-
bility for further condensation reaction. Therefore,
these polysiloxanes from DMDES hydrolysis should
be linear but not cyclic because the cyclic polymer is a
dead polymer. Besides, the cyclic siloxane possesses a
single peak in *’Si-NMR spectrum that is completely
different from that of linear polysiloxane. The prod-
ucts obtained from the hydrolysis and the subsequent
condensation of DMDES with amidized y-APS is lin-
ear, and the three-dimensional siloxane moiety con-
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Figure 7 2°Si-NMR spectra of the products from the hydro-
lysis of DMDES with amidized KLM-602 at various reaction
times. (a) 40 min; (b) 100 min; (c) 160 min; (d) 220 min; (e) 280
min.
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Figure 8 2°Si-NMR spectra of the products from the hydro-
lysis of DMDES with amidized y-APS at various reaction
conditions. (a) 30°C/30 min; (b) 30°C/120 min; (c) 30°C/180
min; (d) 30°C/180 min then 50°C/30 min.
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taining copolymer is shown in the *’Si-NMR spectrum

[Fig. 8(d)].

CONCLUSION

The catalytic hydrolysis of DMDES with amidized
silane under moisture flux control results in the for-
mation of linear siloxane copolymers that are proved
by *C- and *’Si-NMR spectra. The hydrolysis and its
subsequent condensation of DMDES is a linear rela-
tionship vs. the hydrolysis time. The rate constants of
DMDES hydrolysis (K;,) and subsequent condensation
(K.n) are also investigated by NMR measurements and
amidized silane (y-APS or KLM-602) as an internal
standard. This hydrolysis or siloxane conversion rate
constant (Kj, or K_,) measurement on the DMDES hy-
drolysis process may be the useful information for
helping understand the mechanism of silica-immobi-
lization,® adhesion promotion,® sol-gel hybridiza-
tion,*° etc.
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