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ABSTRACT: Poly(vinyl alcohol) (PVA) can be dissolved in a nonaqueous medium in the
presence of catalytic concentration of ethyl nitrate dimethyl sulfoxide, C2H5ONO2

z DMSO (EN z DMSO). From the PVA solution, poly(vinyl butyral) (PVBu) was prepared
by acid-catalyzed homogeneous acetalization of PVA with butyraldehyde. The forma-
tion of PVBu was confirmed by IR and 1H-NMR spectra. The degree of acetalization of
PVBu was found to be 95 mol %, which was verified by 1H-NMR data and acetylation
method. The molecular mass of the polymer was determined by GPC method. The glass
transition temperature, Tg, was measured from differential scanning calorimetric
(DSC) thermograms. Thermal stabilities were checked by thermogravimetric analysis
(TGA) and differential thermogravimetry (DTG). The acetal decomposed in three
stages. The corresponding initial decomposition temperatures were found to be 285,
390, and above 500°C. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 1182–1186, 2001
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INTRODUCTION

A significant amount of research has been carried
out on the synthesis of poly(vinyl acetal),1–3 espe-
cially poly(vinyl butyral) (PVBu), due to its excel-
lent commercial applications. Minamino4 had re-
ported the preparation of PVBu with a degree of
acetalization of 80–90.5 mol %. Imai and his co-
workers5 reported the synthesis of PVBu with
degree of acetalization of 7.5 mol % by the Korn-
blum reaction. The degree of acetalization has an
important impact on the properties of the acetals.
Generally, the hydrophobic character, the solubil-
ity in weakly polar solvents and insulating prop-
erties of acetals improve with the increase of de-
gree of acetalization.6 The higher the degree of
acetalization, the lower is the softening point.

Because acetals are not soluble in water, the
acetals of PVA were prepared by the action of
aldehydes on PVA in aqueous medium.7,8 Because
the contact time of the reactants is not very long,
the maximum extent of acetalization achieved so
far is 86 mol %.9 According to Flory,10 the maxi-
mum degree of acetalization possible was only
86.46 mol % for 1,3-glycol structures, and only
81.60 mol % for 1,2-glycol structures, assuming
that only adjacent intramolecular hydroxyl
groups were involved in the reaction, and that the
reaction was not reversible.

Theoretically, 100% acetalization of PVA is
possible if the reaction is carried out homoge-
neously in a nonaqueous solvent. We have al-
ready reported the synthesis of poly(vinyl ben-
zal)11 and poly(vinyl formal)12 with a degree of
acetalization about 90–95 mol % in DMF/benzene
using a catalytic concentration of EN z DMSO. In
this article we are reporting the preparation of
PVBu in a nonaqueous medium from PVA and
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butyraldehyde. The acetal was characterized by
IR study, 1H-NMR study, and GPC, TGA, DTG,
and DSC methods.

EXPERIMENTAL

Materials

Poly(vinyl alcohol) (PVA), white crystalline form
(CDH reagent grade; viscosity-average molecular
weight of 14,000; containing 1% of the acetate
group) was used without further purification. Bu-
tyraldehyde (BDH reagent grade), dimethyl for-
mamide (DMF) (BDH reagent grade), benzene
(BDH reagent grade), and dimethyl sulfoxide
(DMSO) (BDH reagent grade) were purified by
distillation under a vacuum. Acrylic acid (BDH
reagent grade) was purified according to the pro-
cedure adopted by O’Neil.13 para-Toluene sulfonic
acid (P-TSA) (BDH reagent grade) was recrystal-
lized from benzene. Nitric acid (BDH reagent
grade) and hydrogen peroxide (E. Merck) were
used without further purification. EN z DMSO
was prepared by the interaction of acrylic acid
with concentrated HNO3 in DMSO.14 Purified
7.20 g (0.10 mol) of acrylic acid was mixed with
7.56 g (0.12 mol) of concentrated nitric acid in 100
cc of DMSO. The mixture was then kept at 50°C
about 0.5 h. The mixture was cooled to room tem-
perature and then treated with 30% H2O2 (v/v)
slowly. A brisk evolution of gases took place. One
of the gases was CO2 as analyzed by analytical
and IR methods. The mixture was then placed in
a bath of ice-cold water for rapid cooling. When
turbidity appeared, the mixture was taken out
and kept at room temperature (25°C) overnight. A
needle-shaped white crystalline product crystal-
lized out. It was purified by recrystallization sev-
eral times from acetone and stored over anhy-
drous calcium chloride.

By microanalysis, the elements present in EN
z DMSO were found: ANAL: Calcd: C, 28.40%; H,
6.50%; N, 8.284%; S, 18.93%; Found: C, 28.39%;
H, 6.47%; N, 8.271%; S, 18.91%.

The melting point of the compound was 150°C.
The compound was characterized by IR and 1H-
NMR techniques.

Methods

The IR of the PVBu was recorded in the region
between 4000 and 200 cm21 with a Perkin-Elmer

spectrophotometer using a thin film of the poly-
mer. The thin film of the polymer was made15 by
dissolving PVBu in chloroform and then the con-
centrated solution (5%) was directly cast on a
leveled clean glass plate. The film was dried un-
der vacuum at 50°C for a week. Thickness of the
film was about 0.01 cm. The proton NMR was
recorded with a WH270 NMR spectrometer. The
spectrum was obtained on solution containing
10% (W/V) PVBu in DMSO with tetramethylsi-
lane as an internal reference. The molecular mass
of the polymer was determined by the GPC
method with a Waters Liquid chromatograph
equipped with a GPC-150 C RI detector and m
styragel columns. The columns were 106, 105, 104,
500, and 100A° in series. THF was used as the
eluent at a flow rate of 1 mL per min, and the
molecular weight calibration was done using poly-
styrene standards. The sample concentration
used was 0.2% W/V and the injection volume was
50 mL. The percentage of the unconverted hy-
droxyl groups in the acetal was estimated by the
acetylation method.16

DSC was traced by Perkin-Elmer DSC-7 ki-
netic software in air at a scanning rate of 10°/min.
Kinetic parameters such as activation energy, or-
der of reaction, and rate constant of melting were
evaluated by the method of Freeman and Car-
roll.17 TGA and DTG were done by a Perkin-
Elmer Thermal Analizer in air at a heating rate of
10°/min. using 5 6 1-mg samples.

RESULTS AND DISCUSSION

Preparation of PVBu

PVA, 4.4 g (0.10 mol, based on OCH2OCHOHO
as the unit), was dissolved in 150 cc, of the solvent
mixture of DMF and benzene (4 : 1 v/v) in the
presence of EN z DMSO at 60°C in a round-bottom
flask. The molar ratio of PVA to EN z DMSO was
maintained at 1 : 1.4 3 1023. Then, butyralde-
hyde, 7.92 g (0.11 mol) taken in 100 cc. DMF, was
slowly added to the PVA solution. Homogeneous
acetalization was carried out by heating the reac-
tion mixture for about 24 h at a temperature
around 90°C. The water produced during the re-
action was removed from the reaction medium as
it was formed using the Dean and Stark princi-
ple.18 After completion of the reaction, about 200
cc of the solvent was removed by distilling under
vacuum. The acetal was precipitated by pouring
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into a mixed solvent of acetone and petroleum
ether (1 : 2 by volume), four times in volume of the
acetal solution with constant stirring. The acetal
was then dissolved in chloroform and filtered to
remove unreacted PVA. Chloroform was removed
by a rotary distillation apparatus. The insoluble
white product was filtered off, dissolved in chlo-
roform, and reprecipitated with benzene. This
process was repeated several times to ensure the
removal of PVA, butyraldehyde, P-TSA, and EN
z DMSO. The acetal was dried at 40°C and stored
over anhydrous calcium chloride. The conversion
to acetal was nearly 90%.

It is proposed that the following reactions take
place between PVA and butyraldehyde for the
production of PVBu.11

Intramolecular Acetalization of the 1,3-Glycol
Group:

Intermolecular Acetalization:

Intramolecular Acetalization of the 1,2-Glycol
Group:

Analysis of PVBu

The IR spectrum of PVBu within the range of
4000–200 cm21 is presented in Figure 1. On ac-
etalization, the OOH stretching vibration bands
at 3500–3400 cm21 weakened and shifted to-
wards higher frequencies due to the cleavage of
polymeric hydrogen bond chain.19 In the region of
COH bending vibration, new bands appeared20 at
1383, 1136, 1111, 1053, 1000, and 971 cm21 seem
to relate to COOOCOOOC stretching vibra-
tions. These bands confirmed the formation of the
butyral. The band at 1735 cm21 appears due to
the CAO of the acetate group.

A typical 1H-NMR spectrum for PVBu is shown
in Figure 2. The signals21,22 observed at 0.92,
1.48, 1.87, 1.91, 4.03, and 5.01 ppm are due to
proton type A, B, C, D, E, and F, respectively. The
signal at 5.01 ppm, which is due to the dioxyme-

Figure 1 IR spectrum of PVBu (in thin film).
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thine (OOCHOO) proton confirmed the forma-
tion of the butyral.

The degree of acetalization of the acetal was
calculated from the integrals of the various NMR
resonances. The comparison of dioxymethine pro-
ton (F) at 5.01 ppm and methylene protons (D) at
1.91 ppm yield a ratio of about 1 : 3.8 compared to
the expected 1 : 4 value. The ratio of dioxymethine
proton (F) to methine proton (E) was found to be
1 : 1.95 compared to the expected 1 : 2 value. So,
the extent of the reaction is around 95% from the
NMR data. The extent of the acetalization reac-
tion was also calculated by the acetylation
method. The acetylation was done with a mixture
richer in acetic anhydride (1 vol of acetic anhy-
dride, 3 vol of pyridine) for 10 h at 55–60°C. As a
result, the unreacted acetic anhydride was hydro-
lyzed to acetic acid, and was then titrated with
standard sodium hydroxide. Thus, the percentage
of unconverted hydroxyl groups can be estimated.
The results indicated that about 95% of the hy-
droxyl group of PVA had been converted to acetal
groups.

From GPC analysis, the weight-average molec-
ular weight (M# w) of the acetal was found to be
55,000, relative to polystyrene standards of mo-
lecular weights 1.8 3 106, 498,000, 110,000,
20,400, 10,300, 4000, and 2100. The GPC trace of
PVBu is presented in the Figure 3.

The DSC thermogram for the PVBu is shown in
Figure 4. From the DSC studies, the glass tran-

sition temperature, Tg, was found to be 41°C. The
activation energy, E, of melting was 38.26 6 0.52
kJ mol21. The order of melting reaction of the
acetal was calculated as n 5 1.01 6 0.01. The
rate constant, k, was found to be 1.86 3 102

6 1.21 s21. The acetal was soluble in a number of
organic solvents like DMF, DMSO, ethanol, meth-
anol, dioxane, tetrahydrofuran, chloroform, gla-
cial acetic acid, cyclohexanone, ethyl acetate, etc.
It was insoluble in aliphatic hydrocarbons as well
as in drying oils, waxes, and water. So, the extent
of crosslinking reaction23 in acetalization process
is practically very small to be neglected in the
homogeneous reaction method developed.

The TGA and DTG traces for the PVBu are
presented in Figure 5. From the DTG curve it was
observed that the acetal decomposed in three
stages.24 The decomposition temperatures were
determined by the intersection of the tangent to

Figure 2 The 1H-NMR spectrum of the PVBu (in
DMSO).

Figure 3 GPC trace of PVBu.

Figure 4 DSC curve of PVBu.
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the steepest part of the TGA curve with its base-
line. The initial decomposition temperature
(IDT1) for the first stage was found to be at 285°C,
and the percentage weight loss at this stage was
20% and maximum decomposition was take place
at 320°C. The weight loss at this stage was
mainly due to removal of H2O from the neigh-
bouring pairs of unconverted hydroxyl groups of
the acetal.25 The initial decomposition tempera-
ture (IDT2) for the second stage was found to be
at 390°C, with a corresponding weight loss of
56% at this stage and maximum decomposition
occurs at 460°C. The second stage decomposi-
tion was due to the removal of CO, CO2, hydro-
carbons, etc.26,27 from the acetal. The third
stage decomposition was due to the production
of carbon at temperature above 500°C. Integral
procedural decomposition temperature (IPDT)28

was found to be 380°C.
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Figure 5 TGA and DTG curves of PVBu in air at
heating rate of 10°C/min.
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