Journal of Research Updates in Polymer Science, 2015, 4, 149-156 149

Characterization of Silane Modified Polyvinyl Acetate Water Based

Dispersion Film
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Abstract: Major advantage of silane-modified systems is possibility to cross link reactive silanol groups and fortify
polymer mechanical and chemical properties. However, application of modern analysis techniques and further
characterization of macromolecular structure produced is complicated due to a poor solubility of silane modified polymer
in various solvents. Silane modified polyvinyl acetate (PVAc) dispersions were produced by classic radical and RAFT
polymerization using silane co-monomers and dispersion system stabilizer - silane modified industrial grade polyvinyl
alcohol. The present paper deals with confirmation of silanol, siloxane bonds, silicon content and distribution, as well film

surface morphology of silane modified PVAc dispersions films.
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1. INTRODUCTION

Polyvinyl acetate polymer and dispersion is well
known products with certain parameters widely
published in literature [1-3]. Nevertheless, applications
of co-monomers, various dispersion system stabilizers
change PVAc polymer end properties. Therefore,
research of macromolecular structure is difficult and
needs additional confirmations by using various
analytical approaches. Despite the fact, production of
silane modified PVAc in homogeneous and
heterogeneous media was widely published in literature
[4-10], poor solubility of polymer had a negative impact
for determination of macromolecular structure and
confirmation of silanol and/or siloxane bonds (Figure
1).
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Figure 1: Hydrolysis and polycondensation of alkoxysilane
side groups [11, 12].
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Hydrolysis and condensation reactions of
alkoxysilanes, described in Figure 1 are catalyzed both
by acids and bases. In an acidic medium hydrolysis
reactions undergo faster than condensation reactions,
but in a basic medium condensation reactions are
faster [13]. Industrial vinyl acetate emulsion
polymerization proceeds in slightly acidic medium.
Hydrolyzation of final dispersion is necessary in order
to prevent PVAc hydrolyzation during storage.
Accordingly, both alkoxysilane hydrolyzation and
polycondensation reaction could proceed during and
after  alkoxysilane  modified PVAc  dispersion
production. The present paper deals with confirmation
of silanol, siloxane bonds in alkoxysilane modified
PVAc dispersion films. For this purpose different
dispersion production and analysis techniques were
applied.

2. EXPERIMENTAL AND ANALYSIS TECHNIQUES

The samples for analysis were prepared from
dispersions  produced by using alkoxysilane
(hereinafter silane) co-monomers with a brand name
Geniosil GF31 and Geniosil GF51 (Wacker Silicones)
and silane modified industrial grade PVA R1130
(Kuraray) as a dispersion system stabilizer [14, 15].
RAFT polymerization of vinyl acetate (VAc) was
performed with 2-Cyanomethyl-N-methyl-N-
phenyldithiocarbamate (Sigma Aldrich) according to a
method for production of surfactant-stabilized
dispersion published elsewhere [16]. The molar ratio of
[RAFT/ammonium persulphate] = 0.5, i.e. [VAC/RAFT]
= 977. Experimental block scheme of silane modified
PVAc dispersion production is presented in Figure 2.
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Figure 2: Silane modified polyvinyl acetate dispersion production routes.

Before analysis, dispersions were cast on a glass
and dried at room temperature to a constant weight.
Perkin—Elmer Pyris 1-TGA (PerkinElmer, USA)
apparatus was used to study thermal decomposition of
polymer. Thermal analyzer in nitrogen atmosphere at
the heating rate of 10 °C/min. IR analysis was carried
out using Spectrum GX FTIR (Perkin Elmer, USA),
connected with ATR and “Spectrum 5.0.1” software.
The samples — polymer films (20x50) mm. SEM
analysis was performed using Quanta 200 FEG (FEI,
USA) scanning microscope and X-Ray spectrometer
Xflash 4030 (Bruker, Germany) was used for
determination and mapping of silicon. Mass loss after
polymer extraction was determined by washing
polymer sample with toluene in Soxhlet extractor for 24
h. Extracted polymer was evaluated gravimetrically. In
order to determine molecular weight differences among
prepared polymers, samples were hydrolyzed with
sodium hydroxide to PVA at boiling temperature for
1-2 h until full dissolution. Then, the polymer solution
was cooled down, polymer was precipitated from water
with acetone. Sodium hydroxide was washed from
dried polymer by dissolution in demineralized water
and further polymer precipitation with acetone. The
procedure was repeated 3 times. After sodium
hydroxide was washed out, polymer was dried to a
constant mass, weighted and used for viscosity
investigations. The viscosity-average molecular weight

of polymers was calculated from intrinsic viscosity data
measured with an Ubbelohde viscometer (Schott
Duran, model 501 11/la). Analysis was carried out at
25°C, demineralized water used as polymer solvent.
Viscosimeter was calibrated against demineralized
water, and the K and a values were 20 x 10° dL/g and
0.76 respectively [22]. Both K and a are constants
associated with Mark-Houwink-Sakurada equation, [n]
= KM,", where [n] is the intrinsic viscosity and M, the
viscosity-average molecular weight of the polymer.
Molecular weight measurement of THF soluble polymer
fraction was performed by GPC using Malvern/Viscotek
MSC system.

3. RESULTS AND DISCUSSION

Possible reactions between components and
technological aspects should be considered
understanding and comparing structure of unmodified
and silane modified dispersion films. Silane
incorporation could proceed during radical
polymerization or polycondensation of silanols and
PVAc —OH groups. It is possible to have silane or
organosilanol and PVAc mixture at the end of
dispersion production. Polymer structure changes
could also proceed during dispersion drying - film
formation. Hydrolyzation of silane side groups to
silanols and further polycondensation could form cross-
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link macromolecular structures with siloxane bridges. In
order to determine silane impact to PVAc dispersion
film structure, the IR analysis of produced dispersion
films was performed.
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Figure 3: Difference IR spectra of PVA stabilized PVAc
dispersion film, at VAc:GF51 weight ratio: 1 — 100:0.5 and
100:0; 2 — 100:1.5 and 100:0; 3 — 100:3 and 100:0. IR
spectra. 4 — GF51.
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Figure 4: PVA stabilized PVAc dispersion film IR spectra, at
VAc:GF31 weight ratio: 1 — 100:0; 2 — 100:0.5; 3 — 100:1.5.

According to GF51 silane IR spectra (Figure 3. 4), it
can be seen absorption peaks at 1600; 1410; 1010;
960 cm”, which could be attributed to Si—-CH=CH,
group C=C bond vibration. High intensity absorption
peaks at (1100-1075) cm” could be attributed to
SiOCH,CH3 group Si—-O bond vibrations. However
absorption peaks at (1100-1000) cm™ could be also
attributed to Si—-O-Si bond vibrations. The vibration
peak at 1730 cm™ could be attributed to PVAc acetate
group C=0 bond vibrations. Vibration peak at 1647 cm’
' could be attributed to VAc C=C bond vibrations [17].
Low signal intensity of the peak shows low residual
level of VAc in sample. Peaks at 3000, 2975 and 2800
cm™ could be attributed to symmetric and asymmetric
PVAc chain C-H bond vibrations. IR spectra of GF51
modified samples showed different intensity of the
absorption peaks at (1100-1080) cm™ and 960 cm™.
The absorption peaks could be attributed to Si—O-Si
bond vibrations [18, 19]. Vibrations peak at 770 cm™,
could be attributed to Si-C bond vibrations. The
absence of SiCH=CH, group C=C bond vibration peak

at 1600 cm™ and VAc C=C bond vibration peak at 1651
cm™ confirms copolymerization of VAc and GF51. High
intensity absorption peak at 1720 cm™, which could be
attributed to C=0O bond vibrations, COCH3;CH=CH;
group C=C bond vibration peak at 1638 cm™, SIOCH,4
group C—H bond vibration peaks at 2946, 2842 cm’
and Si-O bond vibration peaks at (1100-1080) cm’
determined in GF31 IR spectra [18, 19]. IR spectra of
GF31 modified samples (Figure 4. 2, 3) are absence of
VAc group C=C bond vibration peak at 1638 cm™ and
characteristic for GF31 silane SiOCH; group C—H bond
vibration peak at 2842 cm™. Increase of VAc:GF31
weight ratio from 100:0 to 100:1.5, increased intensity
of Si~O-Si bond vibration peak at (1100-1080) cm™. In
comparison to PVA stabilized PVAc dispersion,
surfactant stabilized PVAc dispersion film IR spectra
were absence of absorption peak at 3200 cm™, which
is characteristic for O—H bond vibration.
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Figure 5: IR spectra of film cast from dispersion produced by
RAFT method, at VAc:GF51 weight ratio: 1 — 100:3; 2 —
difference between 100:0 and 1.
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Figure 6: IR spectra of film cast from dispersion produced by
RAFT method, at VAc:GF31 weight ratio: 1 — 100:0; 2 —
100:1; 3 — difference between 1 and 2.

The IR spectra of samples prepared from GF51 and
GF31 modified PVAc dispersion produced by RAFT
method is presented in Figures 5 and 6. According to
IR spectra (Figure 5. 1), O—H bond vibrations peak at
(3400-3200) cm™, SiCH=CH, group C=C bond
vibration peak 1600 cm™ and VAc C=C bond vibration
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Table 1: Weight Loss of PVA Stabilized Dispersion Films after Extraction with Toluene and Non-Volatile Matter
Content at 500°C. Intrinsic Viscosity [n], Viscosity—Average Molecular Weight M, of Hydrolyzed Polymers
Parameter Dispersion film
Silane - GF51 GF31
VAc:Silane weight ratio 100:0 100:0.5 100:1.5 100:3 100:6 100:0.5 100:1 100:1.5 100:3
Weight loss, % 78.6 38.3 13.8 7.9 34 11.5 9.1 7.7 1.5
[n], dL/g 0.17 0.24 0.30 0.31 0.32
" Unhydrolyzable
M, % 10", g/mol 2.2 3.4 4.6 4.8 5.0
Non-volatile matter content, % 7.4 - 6.7 - 11.2 - ‘ 71 ‘ - ‘ 7.3
peak at 1651 cm™ were observed. Vibrations peak at polymer formation. Use small quantities of co-

(3400-3200) cm” (Figure 5. 1), could be attributed to
silanol group O-H bond vibrations, because of
surfactant application instead of PVA. Absence of O-H
bond vibration peak in GF31 modified PVAc IR spectra
(Figure 6. 1) confirm this presumption. Intense
absorption peaks at (1220-1010) cm™ and 960 cm™
(Figure 5. 1) could be attributed to Si-O-Si bond
vibrations [18, 19]. Regretfully, IR spectra of silane
containing PVA (R1130) sample were absence of
vibration peaks characteristic for silane modified
samples. This can be determined by a small quantity of
silane used in the manufacture of R1130.

Evaluation of branched macromolecules, linear
polymers, oligomers were performed using sample
extraction with toluene [20, 21]. Non-volatile matter
content analysis was chosen for additional
argumentation of silane participation in silane modified
dispersion films. Following results are presented in
Table 1.

According to Table 1, weight loss of dispersion film
after extraction greatly decreases by increase of
VAc:GF51 or GF31 silane weight ratio applied in
dispersion production. The difference between weight
loss of unmodified and modified VAc:GF51 (100:6) and
GF31 (100:3) samples reached 23 and 52 times, and it
provides clear evidence of branched macromolecule

monomers give negligible non-volatile matter content
difference between unmodified and silane modified
samples. Even though non-volatile matter content of
sample with highest VAc:GF51 weight ratio was 3.8 %
higher in comparison to unmodified, presented results
were in the range of analysis accuracy.

Partial solubility of silane modified and PVA
stabilized PVAc polymers in various solvents cause
additional analytical issues for researchers. To
overcome solubility issue and measure molecular
weight differences between unmodified and silane
modified polymers, hydrolyzation of samples to water
soluble form (PVA) was performed. GF51 modified
samples were hydrolyzed successfully, however
samples  modified with GF31 silane were
unhydrolyzable. According to results given in Table 1,
viscosity—average molecular weight M, of hydrolyzed
polymers increase at higher VAc:GF51 weight ratio.
This could be explained by silane moiety incorporation
in PVAc chain and/or formation of organosilanols.
Surfactant stabilized PVAc dispersions were produced
in order to exclude negative PVA impact to PVAc
polymer solubility. Molecular weight of THF soluble
polymer fraction was determined by GPC.

According to Figure 7 results, monomodal molecular
weight distribution was determined for THF soluble
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Figure 7: Molecular weight of THF soluble film fraction. Dispersions produced, at VAc:GF51 weight ratio: 1 — 100:0 by RAFT; 2

—100:3; 3 - 100:3 by RAFT.
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Table 2: Silicon Content in Silane Modified PVAc Dispersion Films

Qi i Silicon
Silane VAc.SnLaart\iiwelght System stabilizer
% Error, % Theoretical value, %
GF51 100:3 5.81 0.30 0.98
PVA
GF31 100:1 0.55 0.10 0.18
100:3 0.96 0.07 0.92
GF51
100:3 (RAFT) 0.52 0.05 0.81
Surfactant
100:1 0.19 0.04 0.19
GF31
100:1 (RAFT) 0.51 0.05 0.15
fraction of unmodified dispersion fim 1. On the deviation between theoretical and analytical values

contrary, bimodal molecular weight distributions were
determined for GF51 modified polymers 2 and 3. THF
soluble fraction (‘I5—16)><104 of unmodified film 1 could
be attributed to PVAc. Therefore, THF soluble 5x10*
molecular weight fraction determined in GF51 modified
polymers 2 and 3 (produced by RAFT method) could
be attributed to polycondensation products of
oligosilanols.

Application of volatile silane co-monomers could
determine silicon loss during dispersion production
and/or dispersion drying. Therefore, additionally silicon
content was determined by X-Ray. Following results of
silicon content in dispersion films are presented in
Table 2.

Theoretical values of silicon were calculated
according to dispersion recipes published elsewhere
[14, 16]. According to Table 2 results, the minimum

were determined for films prepared from surfactant
stabilized, GF51 and GF31 modified dispersions.
Contrary to this, greatest difference was determined for
PVA stabilized silane modified dispersion films: 5.8%
and 0.98% (theoretical) at weight ratio VAc:GF51
(100:3) and 0.55% and 0.18% (theoretical) at
VAc:GF31 (100:1). Whereas, analytical results were
higher than theoretical, assumption regarding silane
loss (evaporation) during production or film formation —
drying could be rejected. The main reason of such
disagreement could be uneven silicon distribution in
dispersion film. This is most likely, because difference
between samples prepared from surfactant stabilized
dispersions (except of RAFT) were much lower.
Nevertheless, participation of silicon in silane modified
dispersion films shows formation of polymerization
products, not a simple silane (co-monomer) and PVAc
dispersion mixture.

Figure 8: SEM micrographs of PVAc dispersions films. PVA stabilized, at VAc:GF51 weight ratio, magnification: a — 100:0,
x20000; b — 100:3, x8000. PVA stabilized at VAc:GF31 weight ratio, magnification: ¢ — 100:1, x8000. Surfactant stabilized,
unmodified PVAc, magnification x10000: d — PVAc; e — PVAc by RAFT. Surfactant stabilized at VAc:GF51 weight ratio 100:3: f
— PVAc; g — PVAc by RAFT. Surfactant stabilized at VAc:GF31 weight ratio 100:1: h — PVAc; i — PVAc by RAFT. Stabilized with

silane modified PVA, magnification x10000: j — R 1130.
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a2

Figure 9: Element mapping on PVA stabilized PVAc dispersion film. Carbon — red; silicon — blue. VAc:GF51 weight ratio 100:3,
magnification: a1 — x500; a2 — x5000; a3 — x10000. VAc:GF31 weight ratio 100:1, magnification: b — x500.

Surface roughness of silane modified dispersion
films could impact silicon content determination.
Therefore, surface structure differences between
unmodified and silane modified dispersion films were
evaluated by SEM (Figure 8).

According to SEM micrographs, uniform surface
structure and good particle coalescence had samples
prepared from PVA or surfactant stabilized unmodified
PVAc dispersions (Figure 8. a, d). Application of higher
VAc:Silane weight ratios in dispersion production
determined increase of film surface roughness.
Aggregates of polymer particles are well seen (Figure
8. b and c; f and h). Neither modified nor unmodified
dispersions made by RAFT method had smooth film
surface. The irregular particle coalescence were
determined (Figure 8. e, g, i). Film prepared from
dispersion stabilized with silicon groups containing PVA
(Figure 8. j) had much rougher surface, than film
(Figure 8. a) cast from dispersion stabilized with silicon
free PVA.

The uneven PVAc dispersion film structure could
have crucial impact to silicon distribution. Impact of
silicon content to film surface roughness was

determined by X-Ray. The silicon mapping on

dispersion films are presented in Figure 9.

According to Figure 9, uneven distribution of silicon
in GF51 modified PVA stabilized dispersion film was
determined. Uneven distribution could be clearly seen
at both 5000 and 10000 times magnification (Figure 9.
a2, a3). The given results proved presumptions about
dependence of film surface roughness to silicon
distribution, i.e. analytical values 5.81%, theoretical —
0.98% for GF51 modified PVA stabilized dispersion film
(Table 1). Hence, determined theoretical value is 5.9
times lower in comparison to analytical. Generally,
surface roughness of film reflected low and high
concentration silicon areas.

Even though surfactant stabilized silane modified
PVAc dispersion film had good silane distribution, films
cast from dispersions produced by RAFT method
showed opposite results. High concentration silicon
areas were observed in both GF51 and GF31 modified
dispersion films (Figure 10. 1, 2). It could be assumed,
that silicon rich areas could be attributed to
polycondensation products — oligosilanols, which were
also confirmed by IR and GPC analysis.
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Figure 10: Element mapping on films cast from surfactant stabilized PVAc dispersions produced by RAFT method. Carbon —
green; silicon — blue. Magnification x500: 1 — at VAc:GF51 weight ratio 100:3; 2 — at VAc:GF31 weight ratio 100:1.

4. CONCLUSIONS

Application of modification agents — organic silicon
compounds had a great influence to polyvinyl acetate
(PVACc) dispersion films structure. The macromolecular
structures and bonds formed were identified by
application of various modern analytical methods
presented. Silanol and siloxane bond vibrations were
identified by IR analysis, branched polymer structures
were confirmed by application of molecular mass and
weight loss analysis. The insolubility of silane modified
PVAc dispersion films in various solvents completed by
hydrolization procedure. Application of surfactant
instead of PVA as dispersion system stabilizer,
increased solubility of silane modified dispersion film.
Determination of non-volatile matter, silicon content
and mapping by X-Ray gave clear evidence of
participation of silane compounds in PVAc dispersion
films.
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