This article was downloaded by:

On: 22 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

. The Journal of Adhesion

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453635

- Effect of Processing Variables on the Solution Characteristics of y-

Loues rT SHARPL
Glycidoxypropyltrimethoxysilane (y-GPS)
C. M. Bertelsen?; F. J. Boerio®
2 Department of Materials Science and Engineering, University of Cincinnati, Cincinnati, Ohio, USA

To cite this Article Bertelsen, C. M. and Boerio, F. J.(1999) 'Effect of Processing Variables on the Solution Characteristics of
y-Glycidoxypropyltrimethoxysilane (y-GPS)', The Journal of Adhesion, 70: 3, 259 — 279

To link to this Article: DOI: 10.1080/00218469908009559
URL: http://dx.doi.org/10.1080/00218469908009559

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. conftermns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this nmaterial.



http://www.informaworld.com/smpp/title~content=t713453635
http://dx.doi.org/10.1080/00218469908009559
http://www.informaworld.com/terms-and-conditions-of-access.pdf

10: 30 22 January 2011

Downl oaded At:

J. Adhesion, 1999, Vol. 70, pp. 259279 © 1999 OPA (Overseas Publishers Association) N.V.
Reprints available directly from the publisher Published by license under
Photocopying permitted by license only the Gordon and Breach Science
Publishers imprint.

Printed in Malaysia.

Effect of Processing Variables

on the Solution Characteristics

of y-Glycidoxypropyltrimethoxysilane
(yv-GPS)

C. M. BERTELSEN and F. J. BOERIO*

Department of Materials Science and Engineering,
University of Cincinnati, Cincinnati, Ohio 45221-0012, USA

(Received 27 October 1997 In final form 1 February 1999)

The effects of the hydrolysis and condensation processes on the molecular structure of -
glycidoxypropyltrimethoxysilane (y-GPS) in aqueous solutions were investigated using
Fourier-transform nuclear magnetic resonance (FT-NMR) spectroscopy and FT-Raman
spectroscopy. Hydrolysis was characterized by monitoring the production of methanol
and the decrease in concentration of SiOCH; groups in 1% solutions of deuterium oxide
using proton NMR. The production of methanol and loss of methoxy groups in 25%
solutions of v-GPS in water was characterized using Raman spectroscopy. Hydrolysis
was found to be a very rapid process, whose rate could be increased or decreased by
altering the pH of the solution. NMR spectroscopy showed that hydrolysis was complete
in a 1% ~-GPS solution in deuterium oxide after 34 minutes. Raman spectroscopy also
showed hydrolysis to be rapid and complete in a 25% solution of +-GPS in water after 1
hour. Condensation, on the other hand, took a relatively long time to occur. In the
NMR spectra, condensation was observed by the broadening of peaks due to the
protons on the carbon atom adjacent to the silicon atom. In the Raman spectra,
condensation was characterized by the disappearance of the SiOH band near 725 cm™!
and the development of an SiOSi band near 600 em™. In addition to the proton NMR,
Si-29 NMR was used to characterize the silane in 10% solutions of v-GPS in water. The
Si-29 NMR showed oligomer growth with respect to time. The oligomer growth was
correlated with mechanical test results.

Keywords: ~-glycidoxypropyltrimethoxysilane (y-GPS); hydrolysis; condensation;
silane; NMR spectroscopy; Raman spectroscopy
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I. INTRODUCTION

Silane coupling agents have been used for some time to enhance
adhesion of polymers to inorganic substrates such as metals and
glasses. Silanes provide a relatively simple but highly effective method
to improve adhesion. Coupling agents can improve adhesion, give
increased mechanical strength, and impart moisture resistance to
bonds between organic polymers and inorganic substrates.

Most silane coupling agents have the form

R—(CH,),—Si—X;

where R represents an organofunctional group that is usually selected
for compatibility with the polymer and X is a hydrolyzable group such
as an alkoxy. Silanes with several different organofunctional groups R
are available for use with different polymers.

In order for a silane coupling agent to be effective, two processes,
hydrolysis and condensation, have to occur. In the presence of water,
hydrolysis of an alkoxysilane will occur. This stepwise reaction
converts the alkoxy groups into silanol groups and results in the
formation of an alcohol as a byproduct. After hydrolysis has occurred,
condensation of the silanol groups to form polysiloxanes will occur.
These reactions can be shown schematically as

R'Si(OR); + excess H,O = R’'Si(OH), + 3ROH
R'Si(OH), + R'Si(OH), = R'Si(OH),Si(OH),R’ + H,0

Hydrolysis and condensation reactions of silanes have been thor-
oughly investigated [1 2] using several techniques including Fourier-
transform infrared spectroscopy (FTIR), nuclear magnetic resonance
spectroscopy (NMR), and Raman spectroscopy. The rate of hydrolysis
has traditionally been investigated by monitoring the amount of alcohol
produced from the hydrolysis reactions. Pohl and Osterholz showed that
the hydrolysis of silanes at very low concentrations in buffered solutions
follows first order kinetics [1], but only when the concentrations are low
enough that water consumption by the silane can be neglected. At higher
concentrations, when water uptake must be considered, the overall rate
of reaction is second order, but first order in respect to the silane. Leyden
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and Atwater investigated several trialkoxysilanes in water/acetone
mixtures. Their studies showed that when multiple silane groups are
involved in the hydrolysis, as in a trimethoxysilane, the molecule
undergoes three pseudo-first order reactions [2].

The hydrolysis and condensation processes of a silane are only two
of several variables that affect the performance of the silane as an
adhesion promoter. Several studies have been reported in which the
effects of processing variables, including hydrolysis time, solution pH,
and solution concentration, on the performance of silane coupling
agents as adhesion promoters have been investigated [3—6]. Mazza
and Kuhbander [3] showed that crack growth in aluminum/epoxy
wedge test specimens depended strongly on processing variables
involved in the adherend pretreatment. They prepared wedge test
specimens from adherends that were grit-blasted and coated with thin
films of v-GPS cast from aqueous solutions. The effectiveness of the
adherend pretreatment was related to processing variables such as
concentration, hydrolysis time, and pH of the y-GPS solution and
drying time and drying temperature of the film deposited on the
aluminum adherends.

Mazza and Kuhbander [3] also showed that v-GPS primers were
most effective when the hydrolysis time of 1% solutions was about 1
hour. Wedge tests showed that specimens prepared from adherends
treated with solutions hydrolyzed for shorter and longer times had
greater crack growth rates. These results indicated that ~-GPS
solutions had an effectiveness “window”. If the hydrolysis time was
too long, condensation of the silane in solution occurred, decreasing
the effectiveness of primer films cast from the solution. If the
hydrolysis time was too short, the extent of hydrolysis of the silane
was decreased and the effectiveness of primer films cast from the
solution also decreased.

Despite the large amount of research that has been done on silanes,
there are still significant questions regarding the mechanisms by which
they function. In order to understand these mechanisms, it is
important to determine the properties of silanes at each step in the
application process. This includes characterization of the coupling
agents in aqueous solutions as well as in thin films applied to inorganic
substrates. Much of the research on hydrolysis and condensation
reactions of silanes has been conducted on buffered solutions or in
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water/solvent mixtures. The purpose of this research was to determine
the rates of reaction and structural changes that occurred during
hydrolysis and condensation reactions of ~«-GPS in unbuffered
solutions since these solutions are used in the field repair procedures
described by Mazza and Kuhbander [3]. These structural changes were
then correlated with the mechanical test results obtained by Mazza
and Kuhbander [3].

Il. EXPERIMENTAL

Hydrolysis and condensation of v-GPS in 1% solutions in deuterium
oxide (D,0) were monitored by proton nuclear magnetic resonance
spectroscopy (NMR) using a Bruker Model AC-250 broadband
variable temperature spectrometer. Proton NMR spectra were
recorded at 250.13 MHz. With respect to the acquisitions, the spectral
width was S5kHz and the Fourier Transform size was 8.1 K points.
Each spectrum was obtained by averaging 10 scans. Proton pulse
widths were approximately 6 ps. The solutions were prepared under
nitrogen in a glove box to help assure the absence of moisture and
were continuously stirred throughout the hydrolysis reaction. Aliquots
were taken from the solution at times ranging from 5 minutes to 94
hours and analyzed by NMR. In the hydrolysis experiments, the
solution was analyzed every 5 minutes after initial mixing. In the
condensation experiments, the solution was analyzed on an hourly
basis. 3-(Trimethyl-silyl) propionic acid, sodium salt (DSS), was the
reference for the NMR investigations and assigned to 0 ppm.

The rates of hydrolysis and condensation of v-GPS in aqueous
solutions were also determined by FT/Raman spectroscopy using a
spectrometer consisting of a Bio-Rad FTS 60A optical bench, a
ND:YAG laser, a liquid-nitrogen-cooled Ge detector, and an SPC
3200 data station. The laser power used for these experiments was
approximately 200mW. A capillary tube was used as the sample
holder. Due to the relatively low signal-to-noise ratio, 25% solutions
of v-GPS were used. In the hydrolysis experiments, spectra were
obtained by averaging 64 scans at a resolution of 16ecm™'. Aliquots of
the solution were analyzed at 5-minute intervals. In the condensation
experiments, spectra were obtained by averaging 64 scans, but at a
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resolution of 8cm™!. The solution was analyzed on an hourly basis.
Experiments were also performed where small amounts of diluted
hydrochloric acid (0.01 M) or benzyldimethylamine (BDMA) were
added to the silane solution to determine the effect of pH on the rates
of hydrolysis and oligomerization. In the acid-catalyzed experiments,
the pH of the solution was adjusted to approximately pH 4. The
spectra were obtained at times of 1, 4, 6, 8, 10, 15, 30, and 60 minutes
using a resolution of 16cm™' and averaging 64 scans. In the base-
catalyzed reaction, two drops of BDMA were added to the solution.
Oligomerization of 10% ~-GPS solutions in water was monitored by
Si-29 nuclear magnetic resonance spectroscopy (Si-29 NMR) using a
Bruker 400 broadband wide-bore spectrometer. Si-29 NMR spectra
were recorded at 79.5 MHz. For the acquisitions, spectral widths were
25kHz and Fourier Transform (FT) sizes were 16 K points. Si-29 pulse
widths were approximately 12 us. Aliquots of the solution were analyzed
using NMR at hydrolysis times ranging from 2 to 20 hours. The
solutions were stirred for 1 hour before the analysis began. Spectra were
obtained by averaging 976 scans. DSS was used as a standard.

Ill. RESULTS AND DISCUSSION

The proton NMR spectrum of a 1% solution of 4-GPS in deuterium
oxide after 5 minutes of hydrolysis is shown in Figure 1. NMR peak
assignments of the v-GPS protons are summarized the Table 1. The
spectrum consisted of various multiplets at chemical shifts of
approximately 0.7, 1.7, 2.8, 3.0, and 4.0 ppm that were not directly
involved with the hydrolysis reaction. Multiplets at 0.7 and 1.7 ppm
were assigned to the “A” and “B” protons, respectively. Multiplets at
2.8 and 3.0 ppm were due to the “E”, “F”, and “G” protons on the
carbons of the epoxide ring. There were two multiplets that were
directly involved with hydrolysis. These were at 3.3 ppm and 3.6 ppm
and were assigned to protons in methyl groups of methanol and to the
protons in methoxy groups of the silane (““H” protons), respectively. A
multiplet was observed at 4.0 ppm, which was related to protons on
the carbon atoms of the ether group (““C” and “D” protons). A singlet
was also observed at 4.6 ppm due to the protons from a small amount
of HDO in the deuterium oxide.
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CH;0H
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FIGURE 1 The proton NMR spectrum of 1% +-GPS in deuterium oxide w/DSS after
5 minutes of continuous stirring. :

TABLET Peak assignments for the proton NMR spectrum of 1% y-GPS in deuterium
oxide

Peak position Peak type Proton type

(ppm)

0.6-0.9 Multiplet Ha-Attached to the carbon adjacent to the silicon group

1.6~1.9 Multiplet Hyg-Attached to the second carbon from the silicon group

2.7 Triplet Hp-Attached to the first carbon of the epoxide group

2.9 Triplet Hg-Attached to the first carbon of the epoxide group

3.3-34 Muliiplet Hg-Methy! protons of methanol

3.6 Singlet Hy-Methoxy protons

38 Multiplet He-Attached to the distal carbon of the ether group*

39 Multiplet Hp-Attached to the proximal carbon of the ether group*

4.8 Singlet Protons due to hydrogen contamination in the deuterium
oxide

* Relative to the epoxide group.

The conversion of methoxy groups to methanol during hydrolysis
was observed by NMR spectroscopy. Figure 2 shows the NMR
spectra of a 1% +-GPS solution at various hydrolysis times. The peaks
at 3.3 ppm and 3.6 ppm changed in intensity as a function of time. At
the beginning of hydrolysis, the peak at 3.6 ppm was much greater in
intensity than the peak at 3.3 ppm. After 14 minutes hydrolysis time
(Fig. 2B), both peaks were equal in intensity. After 34 minutes (Fig.
2C), the hydrolysis appeared to be nearly complete, with the peak at
3.3 ppm much greater in intensity than the peak at 3.6 ppm. Spectra
taken at times up to 3 hours did not show any additional significant
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FIGURE 2 Proton NMR spectra of a 1% ~v-GPS solution in deuterium oxide showing
the peaks due to the methoxy protons of the silane and the methyl protons of methanol
after hydrolysis times of (A)-5 minutes, (B)-14 minutes and (C)-34 minutes.

changes in the intensities of these two peaks. Thus, hydrolysis of -
GPS in deuterium oxide was essentially complete after approximately
34 minutes. By using the heavier hydrogen isotope (deuterium), the
rapid ester-to-alcohol hydrolysis was easier to follow because the
deuteron transfer was slower than the proton transfer, possibly by as
much as a factor of 2[4]. Therefore, the hydrolysis reaction of v-GPS
in a 1% H,O solution would occur at 2 much higher rate and would
probably be complete in less time than 34 minutes.
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In addition to the changes in the peaks at 3.3 and 3.6 ppm due to
hydrolysis and methanol production, a change was also seen in the
multiplet at 0.7 ppm due to the ““A’ protons with respect to time (see
Fig. 3). At the beginning of hydrolysis, the multiplet consisted of three
large peaks near 0.78, 0.81, and 0.85 ppm and some peaks of very low
intensity between 0.59 and 0.72 ppm. As hydrolysis continued, peaks
near 0.60, 0.74, 0.67, and 0.71 ppm increased in intensity and peaks

5 minutes
1.10 1.00 0.90 0.80 0.70 0.60 0.50 0.40
5 {ppm)
(A)
14 minutes

1.10 1.00 0.90 0.80 0.70 0.60 0.50 0.40
(B

34 minutes

— ] 3 I J
T T T T T T T 1

1.10 1.00 0.90 0.80 0.70 0.60 0.50 0.40
3 {(ppm)

(©

FIGURE 3 Proton NMR spectra of a 1% ~-GPS solution in deuterium oxide showing
the peaks due to the “A” protons after hydrolysis times of (A)-5 minutes, (B)-14 minutes
and (C)-34 minutes.
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near 0.78, 0.81, and 0.85ppm decreased. This change in peak
intensities was probably due to the different environments that the
protons on the carbon adjacent to the silicon experienced during the
conversion of methoxy groups to silanol groups. This change in peak
intensitites was also completed within 34 minutes.

Hydrolysis of v-GPS in H,O was also investigated using FT-Raman
spectroscopy. The FT-Raman spectrum of neat v-GPS is shown in
Figure 4. Bands characteristic of the epoxide ring were observed near
3070cm ™! due to CH, stretching and near 1246, 890, and 850cm ™'
due to ring breathing. A band due to an SiOC stretching mode
appeared at 636cm ', Other bands were observed near 2930, 2842,
and 1454cm™' and assigned to CH, asymmetric and symmetric
stretching and CH, deformation, respectively.

Without a catalyst, the hydrolysis reactions for a 25% solution of -
GPS with a pH of 6.5 took between 45 minutes and one hour to reach
equilibrium (see Fig. 5). After a hydrolysis time of 5 minutes (spectrum
A), there was a large band near 643cm ' due to SiOCH3, but no band
near 1013 cm™' due to methanol. There was a shift in the SiOC band
from 636 cm ™" in the neat sample to 643 cm™' in the aqueous solutions
due to the interaction of the SiO groups with the OH groups of the
solvent. By 30 minutes of hydrolysis (spectrum B), the band at
643cm™! had started to decrease in intensity and a band near
1013cm ! due to methanol production had formed. At 60 minutes of
hydrolysis time (spectrum C), the band near 643 cm ™' had disappeared
and the methanol band near 1013cm™' had reached its maximum
intensity. The bands at 643 and 1013cm ™' changed in intensity at the

- i T essom’
- —— 1246cm’ ] si.o-C |
- Epoxide — - —

Intensity

— S

3500 3000 2500 2000 1500 1000 500 ]

Wavenumber (cm™)

FIGURE 4 Raman spectrum of neat y-GPS.
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T
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3500 3000 2500 2000 1500 1000 500 0
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FIGURE 5 Raman spectrum of a 25% ~-GPS solution in water at various hydrolysis
times.

same rate, since the methoxy groups were converted into methanol
molecules due to the hydrolysis reaction. A band near 707 cm ' due to
silanol groups had also developed by 60 minutes. Hydrolysis of y-GPS
in the 25% solution had reached equilibrium after 60 minutes,
implying that 1% solutions, which were used by Mazza and
Kuhbander, would hydrolyze much faster since there was a much
higher water-to-silane ratio in the 1% solution than there was in the
25% solution.

A plot of the natural log of the intensity of the SiOC band (near
640cm™") in the Raman spectra of the 25% solution of v-GPS in
water versus time is shown in Figure 6A. This plot showed the loss of
methoxy groups, as determined by the decrease in intensity of the
SiOC band, due to the hydrolysis reactions as a function of time. The
plot was not linear, suggesting that, in this system, hydrolysis did not
follow first-order kinetics. The plot showing hydrolysis of the silane as
second order is shown in Figure 6B. The data are more linear when
plotted as a second-order function than when plotted as first-order.
Hydrolysis could be second-order since there were two materials
contributing to the rate of reaction, the silane and the water. [n a 25%
solution of +-GPS in water, the molar ratio of silane-to-water was
~1:12, which was not great enough to make the effects of the
consumption of water negligible. Our results agreed with those
obtained by Leyden and Atwater [2], who showed that water
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FIGURE 6 Hydrolysis of the Si-O-C groups plotted versus time shown as (A) a first-
order function and (B) a second-order function.

consumption was a contributor to the kinetics even when there was a
1:15 molar ratio of silane-to-water. Although our system followed
second-order kinetics, the hydrolysis of silanes in water has been
shown to follow first-order kinetics in work by Pohl [1], but only in
very dilute solutions (0.001 M to 0.03 M).

Hydrolysis of v-GPS in 25% solutions in H>O occurred at a faster
rate when catalyzed with acetic acid. Raman spectra of the acid-
catalyzed silane solution (pH 4.0) at various hydrolysis times are
shown in Figure 7. After 1 minute of hydrolysis, the spectrum (A) was
similar to the spectrum of an uncatalyzed solution. There was a band



10: 30 22 January 2011

Downl oaded At:

270 C. M. BERTELSEN AND F. J. BOERIO

——1 minute
— 4 minutes | — -1 —
1013 cm 726 em p
~—— 15 minutes CH,OH . 640 cm
SiOH $i-0-C
| AN 1-o-
|
2 A p I
£
- W\JM\/\A A (C)
),
W UV R
AN ] f :“\ I )
M’\M’\\/\/W L (B)
3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm™)

FIGURE 7 Raman spectra of a 25% solution of 4-GPS in water catalyzed by acetic
acid.

near 643cm™! due to SiOCH; but no band near 1013cm ' due to
methanol. After 4 minutes hydrolysis (spectrum B), the band near
643 cm ' decreased greatly in intensity and a band near 1013 cm™' had
appeared. The spectrum of +-GPS in solution after 8 minutes of
hydrolysis (spectrum C) showed that all of the methoxy groups had been
consumed in the hydrolysis reaction to form methanol. In addition, a
band due to silanol groups had formed near 707 cm™'. Formation of
silanol was complete between 15 and 30 minutes of hydrolysis time.
Short-term oligomerization ( < 24 hours) was investigated using Si-29
NMR spectroscopy. When a 10% solution of v-GPS in water was ana-
lyzed after an hour of stirring, there was only one peak at —38 ppm
corresponding to SiOH groups. This peak shifted downfield from
—43 ppm to —38 ppm due to the formation of SIOH bonds through the
hydrolysis process [5]. In Figure 8, the NMR spectra of a 10% solu-
tion of v-GPS in water at various hydrolysis times are shown. At
approximately 2 hours hydrolysis (see Fig. 8A), there were two peaks,
one due to SiOH and the other due to a dimeric species. A third peak,
possibly due to a network species, did not develop until the ninth hour of
hydrolysis (see Fig. 8B). After 9 hours of hydrolysis, the total oligomer
concentration of the solution was 65%, which consisted of 60% dimeric
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FIGURE 8 S1-29 NMR spectra of a 10% ~-GPS solution in water at hydrolysis times
of (A)-2 hours, (B)-9 hours and (C)-20 hours.

species and 5% network species. As time increased, the peak due to
SiOH decreased in intensity and peaks due to the dimeric and network
species increased. After 20 hours, the spectrum of the 10% ~-GPS
solution in water (see Fig. 8C) still contained three peaks, with
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approximately 62% of the silicon in the dimeric state and 21% in the
network state. Peaks due to successive oligomers (dimers, trimers,
tetramers, efc.) occur ~ 10ppm apart in Si-29 NMR spectra of
alkoxysilanes [5]. Results from the NMR experiments on the 10%
solutions should correlate with the 1% solutions of +-GPS used as the
primer in the experiments performed by Mazza and Kuhbander [3].
Other researchers have shown that the rates at which the different
oligomeric species of v~-GPS occur in 1% and 10% aqueous solutions are
similar [6]. Although the concentration was higher, the solvent (water)
that was used in these experiments was the same solvent used by Mazza
and Kuhbander.

In Figure 9, plots of the relationship between silanol concentration,
oligomer concentration, network concentration and hydrolysis time
are shown for a 10% solution of v-GPS in water. The silanol and
oligomer concentrations were found by integrating the area under the
peaks in the Si-29 NMR spectra. As time increased, the concentration
of silanol decreased due to the condensation of silanol species to form
oligomers. As hydrolysis time increased, the dimeric and network
silane species increased in concentration. The network silane species
was considered to be three or more silane molecules bonded together
by Si-O-Si bonds. The majority of the oligomerized species were
dimeric silane species. After 20 hours of hydrolysis, 17% of the silicon
was in the form of silanol, 62% of the silicon was in the form of a

90

—~—2,SiOH

80 +— ~#%Dimer [
: 70 _‘ \ —8-—%Network _4
S 60 A i
h—4 TR

540 T J \

;: 30 7
20 _>____-_
10 + e

0

Ol
\ g .- T T SLEE— T T

6 8 16 12 14 16 18 20 22
Hydrolysis time

0 2

FIGURE 9 A plot showing the relationship betwecn composition and hydrolysis time
for a 10% solution of 4-GPS in water.
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dimeric species, and 21% of the silicon in the solution was in the form
of a network oligomer.

The relationship between oligomer concentration in a 10% ~-GPS
solution and total crack length of wedge-test specimens prepared by
Mazza and Kuhbander [3] from adherends treated with a 1% ~-GPS
solution is shown in Figure 10. As the concentration of dimers and
network species increased in the solution, the crack length increased as
well. This suggested that the amount of dimers and network oligomers in
the solution had an effect on the performance of the deposited silane film as
an adhesion promoter on wedge-test specimens. Therefore, a direct rela-
tionship could be seen between oligomerization of the silanol in solution
and durability of the wedge test specimens prepared using substrates
pretreated with the solutions. To the best of our knowledge, this is the
first time that a correlation has been observed between the structure of a
silane in solution and the performance of the silane as a primer.

Oligomerization at longer times was investigated using proton NMR
spectroscopy. Several peaks in the NMR spectra of a 1% -GPS solution
in deuterium oxide changed over extended periods of time, apparently
due to oligomerization. The majority of the changes were observed in the
two sets of peaks that were due to the protons of the carbon adjacent to
the silicon atom and the protons of the second carbon from the silicon

1.9
18—

' /
16 /
154 . / |

L. S T
e

12 Initial crack length

Total Crack Length (in)

1.1

1 T [ EE— T T

20 30 40 50 60 70 80 90
Oligomer Concentration (%)

FIGURE 10 A plot showing the relationship between the composition in a 10%
solution and total crack length of wedge-test specimens prepared from adherends treated
with a 1% ~-GPS solution.
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atom, referred to as the “A” and “B” protons, respectively (see Fig. 11).
After 28 hours of continuous stirring, the peaks due to the “A’ protons
were at the same position as the peaks due to the ““A” protons after the
silane had been hydrolyzed for 34 minutes (compare Figs. 3C and 11A).
After 122 hours of stirring, the peaks shown in Figure 11A had
broadened and the small peaks that were due to the “A” protons in the
vicinity of a silicon atom bonded to a methoxy group had disappeared.
This broadening continued as shown in the spectrum of a 1% ~-GPS
solution that had been stirred for 194 hours (Fig. 11C). The peaks shown
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FIGURE 11 Proton NMR spectra of a 1% ~-GPS solution in deuteriuin oxide

showing the peaks from the “A” protons of the molecule after stirring for (A)-28 hours,
(B)-122 hours and (C)-194 hours.
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in Figures 11A and B were very similar, in that all the peaks in the
one spectrum corresponded to peaks in the other spectrum. The peaks
in the spectrum of the 122-hour solution were not as intense as the peaks
in the spectrum of the 28-hour solution. By 194 hours, several of these
small peaks could not be distinguished.

The spectra of the “B” protons (Fig. 12) also broadened as a
function of time. At 28 hours, there were five distinguishable peaks due
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FIGURE 12 Proton NMR spectra of a 1% ~-GPS solution in deutcrium oxide

showing the peaks from the “B”’ protons of the molecule after stirring for (A)-28 hours,
(B)-122 hours and (C)-194 hours.
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to the “B” protons, which theoretically was the correct number of
peaks if the protons were only being split by their neighboring
protons. By 122 hours of stirring, the spectrum of the “B” protons
showed approximately 10 small peaks due to the broadening of the
peaks. After 194 hours, the spectrum consisted of a single broad peak
instead of the smaller peaks, which comprised it at earlier hours.
The condensation process was also investigated using Raman
spectroscopy. Results similar to those obtained in the NMR
experiments were observed. Oligomerization took place over a longer
period of time than did hydrolysis. Since Raman experiments were
performed on 25% ~-GPS solutions in deionized water, condensation
occurred much faster than in the 1% solutions analyzed using NMR.
Nonetheless, condensation was still much slower than hydrolysis.
Figure 13 shows FT/Raman spectra of a 25% ~-GPS solution after
being stirred (hydrolyzed) for 5, 8, and 27 hours. After stirring the
solution for 5 hours, the intensity of the silanol band at 707 cm ! was
similar to the maximum intensity of the band seen after 60 minutes of
hydrolysis, but by 8 hours the silanol band started to decrease in
intensity. After 27 hours, the band had decreased in intensity even
more. With the silanol band decreasing, there must have been
formation of either siloxane bonds (SiOSi) from condensation or
SiOCHj; groups from the reversal of hydrolysis. Since the equilibrium
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———27 hours - CH,OH . -~ 8j-0-Si
- ;
A Y A5 U0 N T Y A WY A A 0N N
1]
s
[
E
3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm’™)

FIGURE 13 Raman spectra of a 25% v-GPS solution in water at various hydrolysis
times.
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was not disturbed in this experiment, the latter will not be considered.
So, if the silanol groups were being consumed, there should have been
the formation of a band due to SiOSi. Unfortunately, the SiO band
does not appear as strongly in Raman spectra as it does in infrared
spectra. Therefore, it was possible for SiOSi bonds to have formed
in this experiment. They were just not detectable using Raman spec-
troscopy. Nonetheless, since the v-GPS in solution did not condense
at short hydrolysis time ( < 8 hours), films can be deposited after the
solution has been hydrolyzed without the risk of depositing high
molecular weight oligomers that could have adverse effects on
adhesion.

IV. CONCLUSIONS

Hydrolysis of y-GPS in water was determined to be a step-wise
reaction that occurred very rapidly. Proton NMR results showed that
hydrolysis of the v-GPS in 1% solutions in deuterium oxide was
complete after 30 minutes of stirring. 25% solutions of v-GPS in water
that were analyzed by Raman spectroscopy showed hydrolysis to be
complete after 1 hour of stirring. It was also determined that the rate
of hydrolysis of the 25% ~-GPS solution in water followed second-
order kinetics. This rate could be increased by altering the pH of the
solution. Raman spectroscopy showed that as the pH was lowered
from ~ 5.5 to 4, the rate of reaction increased by at least a factor of 2.

Si-29 NMR spectroscopy was used to characterize the condensation
reactions by determining the silane structures with respect to time.
Results showed that 10% solutions of +-GPS in water contained only
monomer, dimer, and the trimer/network species after a 20 hour
period. By comparing the Si-29 NMR results with the results from
wedge tests, a direct correlation was shown between the concentrations
of dimers and trimer/network species in the 10% ~-GPS solution and
total crack length of the wedge tests. As the oligomer concentration in
the 10% silane solution became larger, the crack lengths of the wedge
test specimens became larger. Therefore, the presence of the oligomers
was related to the decrease in performance of the silane pretreatment
in the wedge tests. Mazza and Kuhbander found that their silane films
did not yield good moisture durability results when deposited from
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solutions after 8 hours of hydrolysis. The NMR spectra in both water
and deuterium oxide showed a peak due to a trimeric/network silane
species that developed at approximately 8 hours of hydrolysis.
Therefore, the decreasing performance in the wedge tests could be
related to the development of this trimeric/network species in the
silane solution.

NMR spectroscopy and Raman spectroscopy were also used to
characterize the condensation reactions that occurred in solution.
These two techniques were not as sensitive as Si-29 NMR for
determining structure differences. Condensation took a relatively long
time to occur. The Si-29 NMR spectra of a 1% ~-GPS solution in
deuterium oxide over time showed that oligomerization took greater
than 28 hours to occur. Raman experiments performed on 25%
solutions of v-GPS in water showed appreciable oligomerization
occurring between 5 and 8 hours. Even when a 25% solution of v-GPS
was used, oligomerization was not detected at short hydrolysis times.
Therefore, the presence of highly oligomerized species in the 1%
solutions hydrolyzed for short periods of time was highly unlikely. The
rate of oligomerization was found to increase when the pH of the
solution was increased to ~8.3 (at 22°C) by adding BDMA.

The results obtained on the hydrolysis and condensation reactions
show that hydrolysis was a rapid reaction, whereas condensation took
a relatively long time. This explained why Mazza and Kuhbander [3]
found good adhesion in their wedge tests when hydrolyzing for 1 hour.
After 1 hour, the hydrolysis reactions had reached equilibrium, but
little, if any, oligomerization had taken place. Since very little
oligomerization has occurred, the silane solution can be deposited
without high molecular weight oligomers being present. The oligo-
merization that is also needed for good adhesion with the silane films
can then be obtained through drying the film at elevated temperatures.
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