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ABSTRACT: To enhance durability of poly(vinyl alco-
hol) (PVA)/iodine polarizing film under humid and warm
atmospheres and to identify the effects of syndiotacticity
on the polarizing efficiency (PE) and durability of PVA/
iodine complex film, we prepared three high molecular
weight (PVA)s with similar number-average degree of po-
lymerization (P,) of 4000 and with different syndiotactic
diad (s-diad) contents of 53, 56, and 59%, respectively. It
was found that syndiotacticity of PVA had a significant
influence on the durability of PVA /iodine complex film in
warm and humidity conditions (relative humidity of 80%
and temperature of 50°C). That is, both desorption of
iodine in PVA/iodine film and transmittance of film

decreased with increasing syndiotacticity of PVA. In the
case of PE, the values of over 99% were obtained at each
optimum conditions. The change of PE (durability) of
PVA/iodine complex films having P, of 4000 and s-diad
contents of 56 and 59%, respectively, in warm and humid-
ity conditions was almost zero, whereas those of PVA/
iodine film with s-diad content of 53% and with (P,)s of
1700 and 4000 were about 60% and 50%, respectively,
under same conditions. © 2009 Wiley Periodicals, Inc. ] Appl
Polym Sci 115: 917-922, 2010
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INTRODUCTION

Poly(vinyl alcohol) (PVA) is widely used as fibers,
films, adhesives, and substitutes for asbestos because
it has high tensile and impact strengths, high tensile
modulus, high abrasion resistance, excellent alkali re-
sistance, and oxygen barrier property that is superior
to those of any known polymers.' PVA is classified
into three types, isotactic, atactic, and syndiotactic,
according to the stereoregularity of its hydroxyl
groups. The physical properties of PVA are highly
dependent on the degree of syndiotacticity.

It is well-known that PVA molecules forms a com-
plex with iodine because polyiodide ions interrupt
the intermolecular hydrogen bonds. The influencing
factors on PVA/iodine complexation include the
amount of 1,2-glycols*” in the PVA chain, stereore-
gularity,"® degree of polymerization® and so on.
Imai and Matsumoto’ discovered that the PVA-
iodine interaction was sensitive to the molecular
weight and the stereoregularity of the polymer
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molecule. Yamaura et al.'® have ascertained that
PVA-iodine complex formation increased with
increasing syndiotactic diad (s-diad) content of PVA
using syndiotactic PVA (s-PVA) with s-diad content
of 56-58% derived from poly(vinyl trifluoroacetate).
Actually, an increase in the syndiotacticity of PVA
has been reported to improve the physical properties
such as heat resistance.''""

The most important application of the complex is
to use as polarizing films with a high quality of
dichroism. Especially, PVA/iodine complex film is a
seond-to-none polarizing material for liquid crystal
display. Commercial polarizing films are produced
from atactic PVA (a-PVA). However, a-PVA/iodine
complex films have a serious problem of iodine
desorption under hot and humid conditions, which
results mainly from the higher affinity of a-PVA
molecules to water than to iodines. To overcome this
defect by improving water resistance of PVA, PVA
film was treated in boric acid solution to introduce
crosslinking'>'* or protecting films such as cellulose
triacetate and polypropylene are used.

In this study, to precisely identify the effect of
syndiotacticity of PVA on the durability and polariz-
ing efficiency (PE) of high molecular weight (HMW)
a-PVA and s-PVA/iodine complex films, we pre-
pared one a-PVA and two (s-PVA)s with similar
number-average degrees of polymerization (P,)s of
4000 and with different s-diad contents, respectively.
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TABLE I

The Molecular Parameters of PVA Specimens Used

No. Source P, DS (%) S-diad content (%)
1 Solution polymerization 1700 99.9 53%
2 Bulk polymerization 4000 99.9 53%
3 Bulk copolymerization 4000 99.9 56%
4 Bulk copolymerization 4000 99.9 59%

The PVA with P, of 4000 is of HMW grade. And,
the change of PE (durability) of PVA/iodine com-
plex film in heat and humidity conditions was
checked.

EXPERIMENTAL
Materials

Vinyl pivalate (VPi) and vinyl acetate (VAc) pur-
chased from Aldrich was washed with an aqueous
solution of NaHSO; and water and dried with anhy-
drous CaCl,, followed by distillation in nitrogen
atmosphere under reduced pressure. The initiator 2,2-
azobis(2,4-dimethylvaleronitrile) (ADMVN) (Wako
Co.) was recrystallized twice in methanol before
use.”® Other extra-pure grade reagents were used
without further purification. Water used for all the
procedures was deionized.

Preparation of a- and s-PVAs

To prepare water soluble HMW s-PVA with s-diad
content of 59%, bulk copolymerization of VPi and
VAc [VPi/VAc = 3/7 (mol/mol)] using ADMVN
concentration of 3.4 x 10~* mol/mol of comonomer
at polymerization temperature of 30°C with conver-
sions of 25-35%, was performed, followed by sapon-
ification of copoly(VPi/VAc)."*'® Also, to obtain
HMW s-PVA with s-diad content of 56%, bulk
copolymerization of VPi and VAc [VPi/VAc = 2/8
(mol/mol)] using ADMVN concentration of 2.6 x
10~* mol/mol of comonomer at 30°C with conver-
sions of 25-35%, was performed, followed by sapon-
ification of copoly(VPi/VAc)."'® To synthesize
HMW a-PVA, bulk polymerization of VAc using
ADMVN concentration of 2.1 x 10~* mol/mol of
VAc at 30°C, with conversions of 25-35%, was per-
formed, followed saponification of PVAc."” To pre-
pare the a-PVA with P, of 1,700, VAc was solution
polymerized in methanol using ADMVN concentra-
tion of 2.3 x 10~* mol/mol of VAc at VAc/methanol
of 4/6 (mol/mol) and polymerization temperature
of 50°C with conversions of 30-40%, was performed,
followed saponification of PVAc.'”? Table I shows
the molecular parameters of HMW a- and s-PVAs
used in this study.
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Preparations of PVA film and PVA/iodine film

PVA films, with a similar thickness of about 70 um,
were prepared by casting PVA /water in a solution of
2.5 g/dL. The homogenized solution was poured into
a stainless steel dish and dried under vacuum at 40°C
for 3 days. Iodine (I,)/potassium iodide (KI) aqueous
solutions, with a molar ratio of 1/2, were prepared
at iodine concentration of 1.5 x 1072 mol/L. PVA
film was soaked in I,/KI aqueous solution at various
temperatures for 15-60 sec. The PVA /iodine complex
films obtained from the solutions were rinsed in cold
water to remove the solution adhered to the film surfa-
ces and dried in vacuum for 24 h.

Wet drawing of film

The films were wet-drawn 3-5 times in boric acid
(3 wt %) solution at 30-50°C. The stretched films
were subsequently dried at 30°C for 24 h. The film
having 70 pum thickness, 20 mm width, and 5 c¢cm
length, was drawn at a speed of 10 mm/min.
Figure 1 shows a schematic representation of the
wet-drawing apparatus.

Characterization

The molecular weight of PVPi was calculated using
eq. (1)'e:

[n] =2.88 x 107° [M,]"”” (in acetone at 25°C) (1)

where M,, is the number-average molecular weight
of PVPi.

The molecular weight of PVA was determined
from that of PVAc produced by acetylating PVA
using eq. (2)*":

] =891 x 1072 [P,]** (in benzene at 30°C) (2)

where P, is the number-average degree of polymer-
ization of PVAc. The s-diad content of the PVA was
determined by 300 MHz 'H-NMR, using DMSO-d,
as the solvent, based on the ratio of the components
of the hydroxyl proton triplet at 4.1-4.7 ppm.

The PE of PVA/iodine complex film was esti-
mated using the eq. (3).
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Figure 1 Schematic representation of the wet-drawing apparatus used in this study. [Color figure can be viewd in the
online issue, which is available at www.interscience.wiley.com.]

PE (%) = [(Ty = TL)/(Ty + TL)]? x 100 (3)

where Tj and T, are the transmittances of the film
superimposed on each other parallel and perpendic-
ular to the direction of the elongation of the film,
respectively.

PVA/iodine polarizing film was kept in the con-
stant temperature and humidity chamber (relative
humidity of 80% and temperature of 50°C). And
then, durability for heat and humidity of PVA/
iodine polarizing film was evaluated from the
change of PE.

RESULTS AND DISCUSSION

Generally, PVA has been well-known for forming
blue-colored complexes with iodine. Also, PVA mol-
ecules associate with one another more easily
because of increasing intermolecular hydrogen
bonds with increasing content of long syndiotactic
sequences, and iodine molecules enter into the
aggregates formed to yield polyiodine. Therefore,
we investigated the transmittance and PE of PVA/
iodine complex films with different soaking time
and temperature of the I,/KI aqueous solution. In
here, PVA resins are used depending on diverse
syndiotacticity. The basic characteristics of PVA res-
ins are presented in Table I. HMW PVA with vari-
ous s-diad contents/iodine complex films were pre-
pared by casting, dyeing and drawing. It has been
known that water solubility of PVA film is increased
with a decrease in the syndiotacticity of PVA. Thus,
in this study, because of big solubility differences in
water with tacticity, a-PVA with s-diad content of
53%/iodine complex film was prepared by soaking

in the I,/KI aqueous solution at 20°C and HMW
s-PVA with s-diad 56% and 59%/iodine complex
films were prepared by soaking in I,/KI aqueous so-
lution at 30°C.

Effects of the soaking time in I,/KI aqueous solu-
tion on the transmittance and PE of PVA with P,, of
4000 and different s-diad contents of 53, 56, and
59%/iodine films drawn by 4 times prepared by
soaking in I,/KI aqueous solution of 1.5 x 102
mol/L at 20°C or 30°C are shown in Figure 2. These
films are drawn in aqueous boric acid (Hz;BO3)
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Figure 2 Transmittance and PE of PVA with P, of 4,000
and s-diad contents of 53, 56, and 59%/iodine complex
films pregared by soaking in I,/KI aqueous solution of
1.5 x 107° mol/L at 20°C (a-PVA) and 30°C (s-PVA) and
by drawing four times in boric acid solution of 3 wt %
with soaking time in KI/I, aqueous solution.
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Figure 3 Transmittance and PE of PVA with P, of 4,000
and s-diad contents of 53, 56, and 59%/iodine complex
films pregared by soaking in I,/KI aqueous solution of
1.5 x 10" mol/L and by drawing four times in boric acid
solution of 3 wt % with soaking temperature.

solution of 3 wt % after soaking in I,/KI aqueous
solution. As increasing soaking time, PE of HMW
PVA with 53, 56, and 59%/iodine complex films
was increased to high level of 99.9, 99.9 and 99.3%,
respectively. However, transmittance of PVA /iodine
complex films was decreased with increasing soak-
ing time. In this work, optimum transmittance and
PE values were obtained from PVA films with
s-diad contents of 53, 56, and 59% soaked for 30 and
15 sec, respectively. According to these results,
HMW s-PVAs with s-diad contents of 56% and 59%
were combined with iodine easier than HMW
a-PVA with s-diad content of 53%. In other words,
we confirmed that PVA/iodine complex formation
increased with increasing syndiotacticity.

Figure 3 shows the effect of soaking temperature
of the I,/KI aqueous solution on the transmittance
and PE of PVA with P,, of 4000 and different s-diad
contents of 53, 56, and 59%/iodine films with draw
ratio of four prepared by soaking in I,/KI aqueous
solution of 1.5 x 10* mol/L for 30 sec and 15 sec,
respectively, at different temperatures of 10, 20, 30,
and 40°C. In all cases, transmittance of PVA /iodine
complex films was decreased with increasing tem-
perature from 10 to 30°C, and then increased at
40°C. Also, PE of PVA/iodine complex films was
increased with increasing temperature from 10 to
30°C, and then decreased at 40°C. From the results
described above, it is supposed that PVA/iodine
complex formation tend to increase with increasing
temperature from 10 to 30°C, and to decrease at
40°C, owing to the sublimation of iodine at 40°C. In
this work, optimum transmittance and PE values
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were obtained from PVA films with s-diad contents
of 53 and 56, 59 soaked at 20°C and 30°C,
respectively.

It is known that extension of PVA films enhances
remarkably the PVA/iodine complex formation.
Takamiya et al.” suggested that polyiodines were
surrounded with the aggregates of extended sequen-
ces in s-PVA chains. Recently, Miyazaki et al.”
investigated role of adsorbed iodine into PVA films
drawn in I,/KI solution. Figure 4 shows the effect of
draw ratio on the transmittance and PE of PVA with
P,, of 4000 and different s-diad contents of 53, 56,
and 59%/iodine complex films drawn four times
prepared by soaking in I,/KI aqueous solution of
1.5 x 1072 mol/L for 30 sec and 15 sec, respectively.
Transmittance of PVA/iodine complex films was
increased with increasing draw ratio from 3 to 5. In
case of draw ratio of four, optimum transmittance
and PE values were obtained.

Figure 5 presents the effect of draw temperature
on the transmittance and PE of PVA with P,, of 4000
and different s-diad contents of 53, 56, and
59%/iodine film with draw ratio of 4 prepared by
soaking in I,/KI aqueous solution of 1.5 x 1072
mol/L for 30 sec and 15 sec, respectively. With
increasing draw temperature, the drawability of
PVA/iodine complex films seemed to be increased.
However, PE of PVA/iodine complex films was
decreased at 50°C. In all cases, optimum transmit-
tance and PE were obtained from draw temperature
of 40°C. It was supposed that the reason for the
increase of transmittance with increasing draw
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Figure 4 Transmittance and PE of PVA with P, of 4000
and s-diad contents of 53, 56, and 59%/iodine complex
films pregared by soaking in I,/KI aqueous solution of
1.5 x 107° mol/L at 20°C (a-PVA) and 30°C (s-PVA) and
by drawing in boric acid solution of 3 wt % with draw
ratio of film.
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Figure 5 Transmittance and PE of PVA with P, of 4,000
and s-diad contents of 53, 56, and 59%/iodine complex
films pre};)ared by soaking in I,/KI aqueous solution of
1.5 x 107° mol/L at 20°C (a-PVA) and 30°C (s-PVA) and
by drawing in boric acid solution of 3 wt % with different
draw temperatures.

temperature was the sublimation of iodine from the
PVA/lIodine film under the draw process at higher
drawing temperature.

UV-visible spectra of PVA with P,, of 4000 and dif-
ferent s-diad contents of 53 (a), 56 (b) and 59%
(c)/iodine complex films drawn by four times in
boric solution (3 wt %) prepared by soaking in I,/KI
aqueous solution of 1.5 x 1072 mol/L for 30 sec (a),
(b) and 15 sec (c) at 20°C (a) and 30°C (b), (c) are
shown in Figure 6(a)-(c), respectively. Maximum
transmittance and PE values of PVA with s-diad
contents of 53 (a), 56 (b) and 59% (c)/iodine complex
films are 48.0 (a), 35.1 (b), 31.9% (c), and 99.9 (a),
99.9 (b), 99.3% (c), respectively.

Commercial polarizing films produced from
a-PVA have a serious problem of the sublimation of
iodine under humid and warm atmospheres. Polyio-
dine molecules are easily deformed and released
from PVA owing mainly to sublimation of iodine.
For that reason, we prepared HMW s-PVA with 56%
and 59%/iodine complex films which are expected
to be promising materials having high heat and
humidity resistance. Figure 7 shows the change of
PE of PVA with P, of 1700, 4000 and different
s-diad contents of 53, 56, and 59%/iodine complex
films under condition of relative humidity of 80%
and temperature of 50°C. The change of PE of
a-PVA with P,, of 1700, 4000 and s-diad content of
53%/iodine complex films was increased, particu-
larly in a-PVA with P, of 1700/iodine complex film.
However, the change of PE of s-PVA with s-diad
contents of 56 and 59%/iodine complex films was
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Figure 6 UV-visible spectra of PVA with P, of 4,000
and different s-diad contents of 53 (a), 56 (b), and 59%
(c)/iodine complex films drawn by four times in boric
solution (3 wt %). The films were prepared by soaking in
I,/KI aqueous solution of 1.5 x 1072 mol/L for 30 sec (a),
(b) and 15 sec (c) at 20°C (a) and 30°C (b), (c), respectively.
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Figure 7 Change of PE of PVA with P,, of 1700, 4000 and
with s-diad contents of 53, 56, and 59%/iodine complex
films under condition of relative humidity of 80% and
temperature of 50°C.

almost zero in the warm and humidity conditions,
regardless of long treatment time.

CONCLUSIONS

It is a very difficult job to prepare PVA/iodine
polarizing film having high durability. To resolve
problem of PVA/iodine polarizing film such as io-
dine sublimation, we used syndiotacticity -rich
HMW PVA in the formulation of PVA /iodine polar-
izer. With increasing soaking time, PE was increased
to a high level (over 99%), regardless of syndiotactic-
ity and transmittance was decreased. On the other
hand, it was found that, optimum soaking tempera-
ture of 30°C, which was revealing maximum PE and
transmittance, was existed. The transmittance of film
decreased with increasing syndiotacticity of PVA.
The PE of over 90% was obtained at all syndiotactic-
ities. The change of PE (durability) of PVA/iodine
complex films having P,, of 4,000 and s-diad contents
of 56 and 59%, respectively, in warm and humidity
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conditions was almost zero. But, in the case of
HMW a-PVA with s-diad content of 53%, the PE
was decreased with an increase in the treatment
time in the warm and humidity conditions. In the
near future, we will report on the HMW s-PVA/dye
complex film.
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