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ABSTRACT: The miscibility between a hydrolyzed silane
coupling agent, which had chemically nonreactive organo-
functional groups such as propyl groups, and a film-forming
polymer [poly(vinyl acetate) PVAc] and its effect on silanol
condensation were studied. A mixture consisting of a silane
hydrolyzate and PVAc obtained from an alcoholic aqueous
solution was investigated with Fourier transform infrared
spectroscopy and size exclusion chromatography. Hydrogen
bonding between the SiOH groups of the silane and the
CAO groups of PVAc and silanol condensation affected by
PVAc were examined. The hydrogen bonding and conden-
sation reaction were influenced by the miscibility between

the organofunctional group of the silane and PVAc. The
miscibility of each system was estimated from the calculated
Hildebrand solubility parameter of the organofunctional
group. A correlation between the miscibility and the inte-
grated absorbance of the hydrogen-bonded CAO, obtained
by least-squares curve fitting, was established. On the basis
of the molecular weight of the silane and the number of
hydrogen-bonded CAO groups, a micellelike phase was
proposed. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 87:
589–598, 2003
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INTRODUCTION

Organofunctional silane coupling agents are com-
monly used to modify the surfaces of glass fibers and
siliceous fillers for improved adhesion with polymer
matrices. Numerous publications1–9 have appeared in
the past describing important molecular information
concerning glass–matrix interfaces and interphases
and improved composite properties. Industrially,
glass fibers are generally treated with sizing agents
consisting of a film-forming polymer, a lubricant, a
coupling agent, and an antistatic agent. Therefore, in a
sizing system with other components, the reaction
behavior of the silane coupling agent is expected to be
more complicated than that of the silane coupling
agent alone.

Film formers are used for fiber coatings that mainly
provide flexibility, drapeability, and surface protec-
tion. Typical examples of synthesized film formers are
poly(ethylene glycol), poly(vinyl alcohol) (PVA), and
poly(vinyl acetate) (PVAc). Because these polymers
have hydroxyl or carbonyl groups, these agents inter-
act with the silanol groups of hydrolyzed silanes
through hydrogen bonding. Therefore, such film
formers influence the condensation reaction of the
hydrolyzed silane and the molecular structure of the
subsequent polysilsesquioxane.

In comparison with the extensively studied interac-
tions between silane coupling agents and matrix poly-
mers, studies on the effects of film formers or lubri-
cants on silanes are mostly phenomenological, and
very little has been published. Therefore, the mecha-
nism involved in their protection of glass–polymer
interfaces and their interactions with silanes are not
well understood. The structure and composition of the
layer of the sizing system containing silane coupling
agents are critical to understanding the properties of
the composites, such as the mechanical strength and
hydrothermal stability.

Although not directly related to the role of sizing
agents, somewhat related studies in the field of coat-
ings have been reported. The incorporation of meth-
yltrimethoxysilane or its hydrolyzed species into eth-
ylene/vinyl acetate (EVA) copolymer latices provided
evidence of an interpenetrating polymer network
(IPN) structure consisting of a hard polysilsesquiox-
ane phase and an EVA phase.10 Similarly, bonding
through silane coupling agents with most polymers is
explained by IPN formation and interdiffusion phe-
nomena in the interphase.11 The interdiffusion and
crosslinking of silanes were identified as the mecha-
nism of adhesion of poly(vinyl chloride) (PVC) plas-
tisols to silane-treated glass.12 Vinyltriethoxysilane
(VTE) and �-methacryloxypropyltrimethoxysilane (�-
MPS) modified acrylic,13 PVAc,14,15 and PVC16,17 lati-
ces were prepared by emulsion copolymerization.

The purpose of this study was to elucidate the sila-
nol condensation in the sizing system. A model sizing
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system consisting of a silane hydrolyzate as a coupling
agent and a low molecular weight PVAc as a film-
forming polymer was used to study the effect of the
miscibility and hydrogen bonding between the silane
coupling agent and the film-forming polymer. Several
kinds of silane coupling agents, having different mis-
cibilities with PVAc, were used. Miscibility was esti-
mated by the calculated Hildebrand solubility param-
eter of an organofunctional group of the silane and
PVAc. The structural studies for some of the silane
hydrolyzates and their oligomeric and polymeric spe-
cies used in this study were extensively performed in
our laboratory.18 PVAc was used as a polymeric sizing
agent. The carbonyl group of PVAc was expected to
interact with the silanol group of the hydrolyzed si-
lane coupling agent.

EXPERIMENTAL

Materials

Silane coupling agents were purchased from HULS
Chemicals, Inc., and were used as received; their struc-
tural formulas are shown in Table I. An aqueous al-
coholic solution (0.8 mL of H2O and 9.2 mL of ethanol)
was used to hydrolyze the silanes. The pH of the
solution was adjusted to 3.0 with a dilute aqueous
solution of HCl. The polymeric sizing agent PVAc
(0.6 g) was dissolved in the pH-adjusted solution by
vigorous stirring for at least 30 min and was followed
by the addition of 0.5 g of silane. The silanes were
hydrolyzed in the aqueous alcoholic solution with
PVAc for 1 h at room temperature.

After the silane was hydrolyzed for 1 h, 7 g of the
sample solution was spread on a petri dish, and the
solvent was driven off until the weight reached 2 g in

a desiccator under reduced pressure at room temper-
ature. After the solvent was driven off, the petri dish
was placed in a closed container in which the relative
humidity was controlled at 84% with a saturated KCl
aqueous solution at room temperature. Because a low
molecular weight PVAc, which would be convenient
for dissolution into a solvent and chromatographic
separation from the silane, was not commercially
available, PVA was acetylated under the following
conditions. PVA, which was used for acetylation, was
purchased from Scientific Polymer Products, Inc.
(weight-average molecular weight � 2000 g/mol) and
used as received. Twenty milliliters of acetic anhy-
dride and 90 mL of pyridine were put in a 200-mL,
round-bottom flask and were heated until 100°C in an
oil bath over stirring. Then, ground PVA powder was
added to the solvent. The mixture was refluxed at
100°C over stirring for 5 h. Then, the solution was
cooled to room temperature and poured into an excess
amount of n-hexane with vigorous agitation. A highly
viscous material was precipitated, and this was fol-
lowed by dissolution in tetrahydrofuran (THF). The
THF solution was poured into an excess amount of
n-hexane. The precipitation was repeated three times.
The precipitate was filtered from the solvent, and the
residual n-hexane was driven off in a desiccator under
reduced pressure at room temperature for 24 h. The
Fourier transform infrared (FTIR) spectrum of the
PVAc obtained by the acetylation of the PVA previ-
ously mentioned indicated that the band at 1737 cm�1

was attributable to the isolated CAO stretching mode
of the acetyl group. Two bands at 1372 and 1237 cm�1

were also due to the acetyl group. No hydroxyl bands
were detected in the PVAc spectrum, indicating that
the PVA was fully acetylated.

TABLE I
Structural Formulas of Silanes

Name Structural formula

Vinyltriethoxysilane (VTE) CH2¢CH™Si(OC2H5)3
Allyltriethoxysilane (ALE) CH2¢CHCH2™Si(OC2H5)3
n-Propyltrimethoxysilane (PTM) CH3CH2CH2™Si(OCH3)3
2-Cyanoethyltriethoxysilane (CNE) N§C™CH2CH2™Si(OC2H5)3
3-Cyanopropyltrimethoxysilane (CPE) N§C™CH2CH2CH2™Si(OCH3)3

�-Methacryloxypropyltrimethoxysilane
(�-MPS) CH2¢

CH3

P
C
™C
�
O

™O™CH2CH2CH2™Si(OCH3)3

�-Glycidoxypropyltrimethoxysilane
(�-GPS)

N-(3-Trimethoxysilylpropyl)pyrrole
(PPY)
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Measurements

An FTIR spectrophotometer (Bomem Michelson MB)
with a liquid-nitrogen-cooled mercury–cadmium–tel-
luride detector was used at a resolution of 4 cm�1 with
the coaddition of 100 scans. The specific detectivity of
the detector was 1 � 1010 cm Hz1/2 W�1. The spec-
trometer was purged with dry nitrogen for the mini-
mization of atmospheric water vapor and carbon di-
oxide. The mixture samples of hydrolyzates and PVAc
were coated as a thin film on a potassium bromide
disk. A Lorentzian/Gaussian curve-fitting procedure
was used to resolve overlapped bands.

A size exclusion chromatograph, consisting of a me-
tering pump (Waters model 510 HPLC pump), one
series of packed columns, and an ultraviolet detector
at 254 nm (Waters Associates model 484 tunable ab-
sorbance detector) was used to separate the oligomeric
poly(methacryloxypropylsilsesquioxane) fractions
and the polymeric sizing agent. One series of columns,
which consisted of 103-nm (Waters Associates),
102-nm (Waters Associates), and 50.0-nm �Styragel
columns (Waters Associates), was used. The mobile
phase was HPLC-grade THF with a flow rate of 1
mL/min. The molecular weight distribution of the

silane fractions and sizing agent was measured with
respect to near-monodisperse polystyrene standards
(Tosoh Corp.).

RESULTS AND DISCUSSION

Figure 1 illustrates the structural formulas of silane
coupling agents and the schematic hydrolysis and si-
lanol condensation reactions. Polysilsesquioxanes re-
fer to monosubstituted siloxane polymers of the gen-
eral form (RSiO1.5). The carbonyl group (CAO) of
PVAc will hydrogen-bond with the silanol group
(SiOH) of the silane hydrolyzates. FTIR spectra of
n-propyltrimethoxysilane (PTM) and its hydrolyzate
are shown in Figure 2 as examples. The bands at 1193,
1090, and 825 cm�1 due to the methoxy group (OCH3)
disappeared, whereas the siloxane bands from 1130 to
1000 cm�1 and the band corresponding to the SiOH
group at 900 cm�1 appeared after hydrolysis.

In Figure 3, two main characteristics were observed
in the model sizing system consisting of the PTM
hydrolyzate and PVAc with respect to the PTM hy-
drolyzate, PVAc-free system. First, the acetyl CAO
band was split into two bands. The band at 1737 cm�1

was due to the carbonyl stretching band of the free
CAO of the acetyl group of PVAc (acetyl CAO), and
another band at 1715 cm�1 was due to hydrogen-
bonded acetyl CAO.19 According to the miscibility
studies of EVA/poly(vinyl phenol) (PVPh) blends
with FTIR by Coleman et al.,20 the band at 1737 cm�1

of the acetyl CAO shifts to 1708 cm�1 by hydrogen
bonding with the phenolicOOH group of PVPh. Sec-
ond, the shape of the siloxane bands of the region from
1130 to 1000 cm�1 was drastically changed. The inten-
sity of the silanol band also changed. Judging from
these spectra, we conclude that silanol condensation

Figure 1 Structural formulas of silane hydrolyzate and
polysilsesquioxane.

Figure 2 FTIR spectra of propyl-functional silane and its hydrolyzate.
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must be affected by the presence of the film-forming
polymer PVAc.

FTIR spectra of the carbonyl stretching band of the
region from 1790 to 1650 cm�1 of the several model
sizing systems are shown in Figure 4. The intensities
of the hydrogen-bonded acetyl CAO bands around
1715 cm�1 were different. The siloxane bands of each
model sizing system also showed characteristic

shapes, indicating that the extent of hydrogen bond-
ing was influenced by the organofunctional group of
the silane. It is thought that a different extent of hy-
drogen bonding between SiOH and acetyl CAO indi-
cates a different environment for SiOH of each model
sizing system, resulting in different silanol condensa-
tions. Therefore, the organofunctional group of the
silane may influence the hydrogen bonding and sila-
nol condensation.

Time-dependent IR measurements were made for
each model sizing system and silane coupling agent,
and IR spectra of the region from 1900 to 650 cm�1 of
typical examples are shown in Figures 5–7. IR spectra
of an unhydrolyzed original silane coupling agent and
PVAc are also shown in each figure as references. In
these figures, the dotted lines are the spectra of the
corresponding silane hydrolyzate at each correspond-
ing drying time without the sizing agent present. In
the spectrum of PVAc, the bands at 1737, 1450, 1370,
1230, and 1050 cm�1 were due to the free CAO
stretching mode, the OOCH3 group, the CH3CAO
symmetric deformation, the asymmetric COC, and the
OC group, respectively.21

Shown in Figure 5 are the FTIR spectra of (1) the
model sizing system consisting of the VTE hydroly-
zate and PVAc and (2) the VTE hydrolyzate. In the
spectrum of the original VTE, the bands at 1168, 1104,
and 1082 cm�1 and the shoulder around 937 cm�1

were due to the ethoxy groups. A weak band at 1600
cm�1 was due to the CAC group. The band at 1011
cm�1 was due to the trans CH wagging of the vinyl
group. Some characteristic features can be observed in
the IR spectra of the model sizing system as follows.
The CAO band was split into two distinct bands

Figure 3 FTIR spectra of the mixture of hydrolyzed propyl-functional silane and PVAc.

Figure 4 FTIR spectra of the mixtures of silane hydrolyzate
and PVAc.
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because of hydrogen-bond formation with the silanol
and appeared around 1740 and 1715 cm�1. The inten-
sity of the hydrogen-bonded CAO remained almost
constant throughout the experimental periods. The
absorbance at 1230 cm�1 due to the COC symmetric
stretching became broad toward the region of higher

frequencies because the positively charged carbon
atom of the CAO group, which was forming a hydro-
gen bond, caused the COO single bond to be strength-
ened. The shape of the siloxane bands and the inten-
sity of the SiOH band remained mostly unchanged.
However, the absorbance at 1130 cm�1 increased and

Figure 5 FTIR spectra of vinyl silane hydrolyzate and its mixture with PVAc as a function of time.

Figure 6 FTIR spectra of propyl silane hydrolyzate and its mixture with PVAc as a function of time.
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the SiOH band decreased with time for the VTE hy-
drolyzate alone. From these results, it is concluded
that the silanol condensation in the model sizing sys-
tem was depressed by the hydrogen bond between
acetyl CAO and SiOH.

Next, FTIR spectra of (1) the model sizing system
consisting of the PTM hydrolyzate and PVAc and (2)
the PTM hydrolyzate are shown in Figure 6. Three
bands at 1192, 1090, and 825 cm�1 of the original PTM
were due to the methoxy groups. For the model sizing
system, the CAO band was also split into two bands.
However, the absorption intensity of the hydrogen-
bonded CAO was weaker than that of the VTE model
sizing system. As shown in Figure 6, the intensity of
the hydrogen-bonded acetyl CAO decreased with
time in the PTM model sizing system, indicating that
the interaction between acetyl CAO and SiOH de-
creased. The band shape at 1230 cm�1 also changed as
the hydrogen-bonded CAO band decreased. In the
spectrum for 1.5 h of drying time, no peak could be
seen around 1230 cm�1. The siloxane bands of the
model sizing system were quite different from those of
the PTM hydrolyzate alone. First, the intensity in-
creased with time, although silanol condensation
seemed to proceed much more slowly than that of the
silane without PVAc. Furthermore, the oligomeric si-
lane was peculiar in its structure because the shape of
the siloxane bands was obviously different. Because
the intensity at 1020–1010 cm�1 was evidently lower
than that in PTM and the intensity around 1120 cm�1

increased, the depression of the cyclic trimer and the

formation of polysiloxane, which was greater than the
octamer, could be expected. The intensity of the sila-
nol band at 870 cm�1 in the silane hydrolyzate alone
was weak in comparison with that of the model sizing
system and remained almost constant. Also, the shape
of the siloxane bands did not change throughout the
experimental periods. Therefore, the silanol condensa-
tion of the silane without PVAc seemed to proceed to
a considerable extent even at drying time of 1.5 h.

FTIR spectra of (1) the model sizing system consist-
ing of the �-MPS hydrolyzate and PVAc and (2) the
�-MPS hydrolyzate alone are shown in Figure 7. The
acetyl CAO band and the carbonyl stretching band of
�-MPS (ester CAO) heavily overlapped, and the hy-
drogen-bonded acetyl CAO was hidden by the ester
CAO. Therefore, we used the band at 1230 cm�1 to
estimate the amount of hydrogen-bonded CAO qual-
itatively. Because a peak at 1230 cm�1 was seen, it
could be estimated that the hydrogen bond in the
�-MPS model sizing system was weaker than that in
the other model sizing system. The band at 1130 cm�1

attributed to the oligomeric �-MPS increased and was
stronger than that of the silane without PVAc.

The effect of miscibility between the organofunc-
tional group of the silane and PVAc on the silanol
condensation previously mentioned was evaluated.
We used both parameters, the Hildebrand solubility
parameter22 and the integrated absorbance of the
acetyl CAO at 1745 cm�1, for the estimation of the
miscibility. Taking into account the structural formula
and the weight-average molecular weight of the or-

Figure 7 FTIR spectra of methacryl silane hydrolyzate and its mixture with PVAc as a function of time.
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ganofunctional groups (r) of the silane, we calculated
the solubility parameter (�) as follows. Hildebrand
suggested the estimation method for the solubility of a
low molecular weight solvent. Many researchers ap-
plied this method to systems containing polymers to
calculate the solubility parameter. We used the struc-
tural formula method and the group molar attraction
constants (G) derived from the measurement of the
heat of evaporation by Small.23 Small published G,
which allowed the estimation of the solubility param-
eter from the structural formula of the compound and
its density. The G values are additive over the formula
and are related to the solubility parameter by the
following equation:

� � d�G/Mw

where ¥G is the sum of all the atoms and groups in the
molecule, d is the density, and Mw is the weight-
average molecular weight. The miscibility can be ex-
pressed by the difference of �, expressed by ��, be-
tween the organofunctionality and PVAc. However, in
general, the solubility also depends on the compo-
nents’ molecular weights, as shown in the next equa-
tion:

�crit �
1
2 � 1

�Mr
�

1

�MPVAc
�2

where �crit is the critical value of the Flory–Huggins �
parameter and Mr and MPVAc are the molecular
weights of the organofunctionality of the silane cou-
pling agent and PVAc (3200 g/mol), respectively.
Therefore, the molecular weight must be considered.
The Flory–Huggins � parameter can be approximated
to the difference between the Hildebrand solubility
parameter (�) of organofunctional groups (�r) and � of
PVAc (�PVAc) by the following equation:

� �
Vr

RT ��x � �PVAc�
2 �

Vr

RT ��2

where Vr is the molar volume of the organofunctional
group, R is the gas constant, and T is the temperature.
Therefore, the critical value of �� (��crit), which is the
maximum value for a blend to be miscible and takes
into account the molecular weight of each component,
can be obtained with the following equation:

� �crit � �RT � �crit

Vr
� � 1

�Mr
�

1

�MPVAc
� � �RT

2Vr

Therefore, �� � ��crit was used to estimate the misci-
bility between the organofunctional group of the si-
lane and PVAc. Each parameter (�, ��, ��crit, and ��
� ��crit) of each silane is shown in Table II.

To resolve the individual CAO bands, we per-
formed least-squares curve fitting on the experimental

Figure 8 Least-squares curve fitting for the CAO region of
the mixture of silane and PVAc.

TABLE II
Calculated Hildebrand Solubility Parameter of the Silane Coupling Agents

Silane �r �PVAc � �r �c (�10�2) ��c (�10�2) �� � ��c Ratio of H-bonded C¢O

VTE 5.59 3.72 2.09 8.75 3.63 59.0
ALE 6.36 2.95 1.44 6.60 2.88 46.8
�-GPS 7.08 2.23 0.59 3.39 2.20 45.0
PTM 7.44 1.87 1.38 6.70 1.80 43.5
�-MPS 8.78 0.53 0.54 3.05 0.50 23.8
PPY 8.86 0.45 0.62 3.51 0.41 22.1
CPE 10.2 �0.91 0.93 5.10 0.96 25.3
CNE 10.8 �1.43 1.13 6.27 1.49 27.0

�: (cal/cm3)1/2.
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spectra of the acetyl CAO stretching bands in the
region from 1790 to 1650 cm�1. We adopted the re-
strictive curve-fitting procedures rather than permit-
ting the computer to obtain the best fit by changing
variables freely to obtain physically meaningful fits.
The carbonyl region was assumed to be composed of
a maximum of the aforementioned three carbonyl
bands, whose shape was assumed to be a combination
of Gaussian and Lorenztian distributions. The curve-
fitting approach and the experimental determination
of the peak position and curve shape of individual
bands will be described elsewhere.24

The results of the curve-fitting analysis for the acetyl
CAO stretching region from 1790 to 1650 cm�1 are
shown in Figure 8. The CAO band was resolved into
three individual bands. The bands at 1745 and 1737
cm�1 were due to the non-hydrogen-bonded acetyl
CAO, and the band at 1714 cm�1 was due to the
hydrogen-bonded acetyl CAO. The change of the in-
tegrated absorbance of the hydrogen-bonded acetyl
CAO as a function of �� � ��crit is shown in Figure 9.
It is obvious that the integrated absorbance of the
hydrogen-bonded acetyl CAO in the model sizing
system was stronger when the value of �� � ��crit was

Figure 9 Change in the integrated absorbance of hydrogen-bonded CAO as a function of the difference in the solubility
parameter.

Figure 10 GPC chromatograms of the mixture of vinyl
silane and PVAc as a function of time.

Figure 11 GPC chromatograms of the mixture of methacryl
silane and PVAc as a function of time.
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greater. It is thought that the SiOH group interacts
with the acetyl CAO group through hydrogen bond-
ing when the organofunctional group is immiscible
with PVAc.

The non-hydrogen-bonded CAO band was re-
solved into two bands at 1745 and 1737 cm�1.24 The
free CAO band due to the entangled PVAc molecules
appeared at 1737 cm�1. However, the CAO band due
to plasticized PVAc molecules from the permeation of
the organofunctional group of silane appeared at 1745
cm�1 (free/plasticized CAO).24 The free/plasticized
CAO indicates the miscibility between silane and
PVAc. It is hypothesized that the fraction of the inte-
grated absorbance of the free/plasticized CAO at
1745 cm�1 may be used as the criterion of miscibility.
As shown in Figure 8, the integrated intensity of the
free/plasticized CAO became greater; in other words,
the fraction of the integrated absorbance (CAOHB/
CAOtotal) became smaller for the system with a
smaller value of �� � ��crit.

These results regarding the Hildebrand solubility
parameter and the integrated absorbance of free/plas-
ticized CAO may be summarized as follows. If the
silane molecules are almost linear, silane will have two
main directions toward the acetate group of PVAc
molecules. The organofunctional groups will be ori-
ented toward the PVAc phase because of miscibility in
one case, and in the other case, SiOH will interact with
PVAc because of hydrogen bonding. These directions
may be influenced by the miscibility between the or-

ganofunctional group and PVAc, which is expressed
by �� � �crit, as shown in Figure 9.

Size exclusion chromatography (SEC) chromato-
grams of a model sizing system, the VTE hydrolyzate
and the �-MPS hydrolyzate, are shown in Figures 10
and 11. The molecular weight of the �-MPS hydroly-
zate in the model sizing system was higher and the
molecular weight distribution was broader than those
of the �-MPS hydrolyzate alone, even in the initial
stage, as shown in Figure 11. The molecular weight
distribution changed only a little at a drying time of
3.5 h in comparison with the chromatogram of the
�-MPS hydrolyzate alone, in which the molecular
weight increased in a stepwise fashion. However, the
molecular weight of the VTE hydrolyzate in the model
sizing system was lower in the initial stage than that of
the VTE hydrolyzate alone. From these SEC results, it
can be concluded that the evolution of the �-MPS
oligomer may be accelerated in the initial stage of
silanol condensation in the model sizing system; how-
ever, a further condensation reaction is not expected.

From the IR and SEC results, we propose a hypoth-
esis for a phase structure of the model sizing system as
follows. Silane hydrolyzates will form a micellelike
phase as shown in Figure 12. Schematic diagrams of
the phase structures of the model sizing system for
both cases, for which �� � ��crit is large or small, are
depicted in Figure 12. When the organofunctional
group interacts with PVAc, the SiOH groups tend to
form hydrogen bonds with one another, and silanol

Figure 12 Schematic diagrams of silane hydrolyzate and PVAc.
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condensation easily occurs even in the initial stage of
the condensation. Once polysiloxane is formed in such
a phase, further condensation cannot be expected be-
cause of protection by the outer shell of the organo-
functional groups. On the contrary, when the SiOH
group interacts with PVAc, the silanol condensation
will be different from that of the previous case.

Such a phase structure can be thought to affect
silanol condensation and can be controlled by the
miscibility between the organofunctional groups of
silane and PVAc.

CONCLUSIONS

The miscibility between several silane coupling agents
and PVAc and its effect on silanol condensation were
studied with FTIR spectroscopy and SEC. The forma-
tion of hydrogen bonds between the SiOH group of
the silane and the CAO group of PVAc was shown
with FTIR. The extent of hydrogen bonding was de-
termined with the integrated absorbance of the hydro-
gen-bonded CAO group of PVAc obtained by the
least-squares curve-fitting procedure. A correlation
between the extent of hydrogen bonding and the mis-
cibility between the organofunctionality of silane and
PVAc was obtained. The molecular weight and distri-
bution of �-MPS in PVAc were higher and broader,
respectively, than those of the PVAc-free system in the
initial stage of the silanol condensation. However, the
molecular weight of VTE of the model size was lower
than that of the PVAc-free system. The vinyl group
was estimated to be immiscible with PVAc. The silanol
condensation of �-MPS in the model sizing system
may be accelerated. It is proposed that silane hydro-
lyzates form a micellelike phase in the mixture system,
and the orientation of each silane molecule is con-
trolled by the miscibility between the organofunction-
ality and PVAc. This characteristic phase structure is

expected to affect the silanol condensation and silox-
ane structure.

References

1. Rosen, M. R. J Coat Technol 1978, 50, 644.
2. Kulkarni, R. D.; Goddard, E. D. Presented at the 35th Annual

Technical Conference of the Composite Institute, SPI, 1980; Sec-
tion 20-E.

3. Ishida, H.; Koenig, J. L. J Polym Sci Polym Phys Ed 1980, 18,
1931.

4. Miller, J. D.; Ishida, H. Surf Sci 1984, 148, 601.
5. Graf, R. T.; Koenig, J. L.; Ishida, H. Mod Plast 1984, 116.
6. Ishida, H. Polym Compos 1984, 5, 101.
7. Nishiyama, N.; Shick, R.; Ishida, H. J Colloid Interface Sci 1991,

143, 146.
8. Favis, B. D.; Blanchard, L. P.; Prud’homme, R. E. J Appl Polym

Sci 1983, 28, 1235.
9. Suzuki, N.; Ishida, H. Makromol Chem Macromol Symp 1996,

108, 19.
10. Lutz, M. A.; Polmanteer, K. E. J Coat Technol 1979, 51, 37.
11. Plueddemann, E. P. Silane Coupling Agents; Plenum: New

York, 1991; p 134.
12. Chaudhury, M. K.; Gentle, T. M.; Plueddemann, E. P. J Adhes

Sci Technol 1987, 1, 29.
13. Backderf, R. H. U.S. Pat. 3,706,697 (1972).
14. Plesich, M. F.; Zavaglia, E. A. U.S. Pat. 3,729,438 (1973).
15. Kowalski, E. W.; Plesich, M. F.; Zavaglia, E. A. U.S. Pat.

3,814,716 (1974).
16. Buening, R.; Koetzsch, H. J. Angew Macromol Chem 1970, 13,

89.
17. Buening, R.; Frick, S. Angew Macromol Chem 1972, 21, 1.
18. Miller, J. D.; Hoh, K.; Ishida, H. Polym Compos 1984, 5, 18.
19. Xu, Y.; Painter, P. C.; Coleman, M. M. Makromol Chem Macro-

mol Symp, to appear.
20. Coleman, M. M.; Graf, J.; Painter, P. C. Specific Interactions and

Miscibility of Polymer Blends; Technomic: Lancaster, PA, 1991.
21. Colthup, N. B.; Daly, L. H.; Wiberley, S. T. Introduction of

Infrared and Raman Spectroscopy, 2nd ed.; Academic: New
York, 1990.

22. Hildebrand, J.; Scott, R. The Solubility of Non-Electrolytes, 3rd
ed.; Reinhold: New York, 1950.

23. Small, P. A. J Appl Chem 1953, 3, 71.
24. Suzuki, N.; Ishida, H. To be submitted.

598 SUZUKI AND ISHIDA


