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ABSTRACT: This research focused on the manufacture a
polarizing film with PVA iodinated at solution before cast-
ing (IBC) film, which was prepared by casting aqueous
solutions of 10 wt % poly(vinyl alcohol) (PVA) containing
boric acid with 0, 0.1, 0.5, and 1.0 mol/L of I2/KI aqueous
solution, and I2/KI(1:2) with 0, 5, and 10 wt % of PVA.
The lights of wavelengths between 450 and 700 nm were
polarized in UV analysis. The degree of polarization and
transmittance of the IBC polarizing film (10 wt % I2/KI
and 0.5 mol/L boric acid) are 99.9% and 43.2%, respec-
tively. The resistance of the heat and humidity of IBC
polarizing films was higher than that of commercial polar-
izing films, which were elucidated by changing the trans-
mittance of the films. This can be explained by the fact

that the interaction between polyiodine molecules and
PVA chains as the state of IBC is higher than that of the
commercial state. The effect of boric acid may be strength-
ened for the resistance of heat and humidity. Crosslinking
by boric acid improved thermal properties of the IBC
polarizing films, resulting from the increases of degrada-
tion temperature in DSC and TG analysis. And the unit
cell broadening occurred, which was caused by the intru-
sion of boric acid into PVA chains in X-ray analy-
sis. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 109: 1143–
1149, 2008
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INTRODUCTION

As the fact was found that iodine interrupts intermo-
lecular hydrogen bonds and makes complex polymer
chains not only in the crystalline but also in the
amorphous regions of several polar polymers, the
study about polyvinyl alcohol (PVA)/iodine com-
plex has been accelerated.1–7 They have been studied
about the role of adsorbed iodine into PVA film, and
recently reported that the iodine form the PVA/
iodine complexes and considered to play a role of
structure the microfibrillar network as junction
points between the microfibrils.8 Chetri et al.9 and
Bin et al.10 reported that iodine act as a catalyst for
dehydration of PVA.

Previous studies of the formation of PVA/iodine
complex in potassium iodide(KI) aqueous solutions
focused on the dilute regime.11,12 Recently, Yang
et al.13 studied about concentrated PVA/I2/KI aque-
ous mixture by 1H and 13C NMR spectroscopy as
well as rheometry according to their phase diagram.

In our laboratory,14,15 the structure of the iodin-
ated PVA films possessing various quantities of io-

dine through thermal analyses and drawability tests
have been studied. On the other hand, we have tried
the preparation of the PVA films iodinated at solu-
tion before casting (IBC films),16,17 where iodine
adsorption has no limit unlike the PVA films iodin-
ated after casting (IAC films), wherein the film is
sunk as a solid state in the I2/KI aqueous solution.
The IBC PVA film has possibility of the minimum of
entanglements between intermolecular chains as well
as the disturbance of PVA crystallization, and the
film with weight gain of I2/KI 117% was almost
amorphous. But the crystallinity of that film
increased by drawing regardless of crystallinity
before drawing. And the process of film preparation
by IBC method is simpler than that of IAC method.
That is, we were able to prepare the iodinated PVA
film immediately from blended PVA aqueous solu-
tion state with I2/KI and boric acid except for the
process of PVA film casting.

The most important application of the PVA-iodine
complex is the use of a sheet polarizer as a high
quality of dichroism in liquid crystal display sys-
tems. The polarizer is the PVA-iodine complex film
soaked in an I2/KI solution and stretched unidirec-
tionally. However, commercial polarizing films have
serious problems like poor water stability and easy
iodine desorption under warm and humid atmos-
phere. To resolve these problems, several methods to
produce syndiotactic PVA(s-PVA) with higher tacti-
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city as well as to increase molecular weight have
been tried in the preparation of polarizing films.18–21

The polarizing films with s-PVA have high water-
resistance quality and fastness of iodine, but there
were difficulties of manufacturing s-PVA and ad-
sorbing iodine in the film due to high crystallinity.
Recently, Song et al.22 prepared polarizing films
using diachronic dyes and reported that the polariz-
ing efficiency of PVA/dye polarizing films reached
almost full contrast but their single-piece transmit-
tances were rather low. The subsequent treatment
with boric acid for the polarizing films reported that
it is effective to stabilize the PVA-iodine complex.
But the exact mechanism of this in relation to the
nature of the iodine species present is uncertain.

In the present article, therefore, we focused on the
manufacture a polarizing film with PVA iodinated at
solution before casting(IBC) film, which was saved
the processing course of PVA film casting as com-
pare with commercial method, and we able to con-
trol the weight gain of iodine in PVA films for ad-
equate transmittance. And then the combined effect
of boric acid in IBC polarizing film was investigated
mainly in terms of structure and optical properties
of the polarizing films by using thermogravimetry
analysis (TGA), differentical scanning calorimetry
(DSC), X-ray diffrectometry, and UV-vis absorption
spectrometry.

EXPERIMENTAL

Preparation of PVA films containing boric acid

The films were prepared by casting 10 wt % PVA
(polymerization of 2300 and 99.9% hydrolyzed,
Kolon Chem. Co., Korea) solution containing boric
acid of 0.47, 2.35, and 4.65 wt % to the PVA (weight
gain), which were poured on a glass plate at 608C
and were put in air at 308C for 48 h. The three kinds
of weight gain of boric acid were controlled in the
same quantities with IBC PVA films as details are
given later. So we will mark the content of boric
acid as concentration of mol/L to I2/KI aqueous so-
lution (0.1, 0.5, and 1.0 mol/L) in tables and figures.

Preparation of IBC polarizing films

The films were prepared by casting 10 wt % PVA so-
lution containing I2/KI of 5 and 10 wt % to the PVA,
which were poured on a glass plate at 608C and
were put in air at 308C for 24 h. The boric acid
contained 0.1, 0.5, and 1.0 mol/L of I2/KI aqueous
solution.

Drawing

The PVA/boric acid film and IBC PVA films were
drawn to 3.5 times by a hand-operated drawer at 65

� 808C in n-propanol. The width, length, and thick-
ness of samples were 5 mm, 10 mm, and 0.15 � 0.2
mm, respectively, and the drawing speed was 10
mm/min. After drawing, the width and thickness of
samples were changed to 1 mm and 0.09 � 0.11 mm,
respectively.

Transmittance and degree of polarization (q)

The films were estimated by UV-visible spectro-
metry (UV-2401PC, Shimadzu) using the following
eq. (1).23,24

q ð%Þ ¼ ½ðYk�Y?Þ=ðYk�Y?Þ�1=2 3 100 (1)

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

Durability

Polarizing films were kept in a constant temperature
and humidity chamber (relative humidity of
80% and temperature of 508C). Durability for the
heat and humidity of the polarizer was evaluated
from the change of transmittance.

Measurements

Thermogravimetry (TG) and differential scanning
calorimetry (DSC) were performed by a TA TGA
2950 and a TA DSC 2910, respectively. Both tests
were conducted at the heating rate of 208C/min in
the atmosphere of N2. X-ray diffractometry was per-
formed using Rigaku D/max-III-A with Cu-Ka radia-
tion. 1H NMR analyses were carried out with a
Bruker DPX 300-Hz spectrometer in DMSO-d6 at
room temperature.

RESULTS AND DISCUSSION

Structure of PVA/boric acid films

It has long been known that the reaction of boric
acid with PVA yields boric acid esters, which link
the polymeric chains and fix iodine in the film. But
the mechanism of PVA-iodine-boric acid has been
scarcely found. Therefore, we have investigated the
behavior of the PVA-boric acid film before studying
PVA-iodine-boric acid. The boric acid is presumed
to form monodiol-type bonds as shown by the eq.
(2). The structure indicated is the simplest form of
intramolecular bonding as eq. (2), and crosslinking is
also possible by hydrogen bonding between the diol
complex and PVA chains such as eq. (3), although
its bonding force is weak and its participation will
be minor.25–27
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DSC analysis

Figure 1 shows DSC thermograms of the undrawn
and drawn PVA/boric acid films. There are three
kinds of endothermic peaks at around 130, 220, and
3108C in undrawn PVA/boric acid films. The sharp
peak at 2208C must correspond to the melting of
crystal. As the later-mentioned TG results, the com-
ponent at 3108C was estimated to be associated with
the degradation of ��OH side groups and the partial
degradation of main chains. It was estimated to be
the broad peak at around 1308C as quasicrystal of
PVA, which was conformed in endothermic process.
To support this estimation, we performed additional
experiments of DSC undergoing three successive
steps of heating up to the maximum peak tempera-
ture followed by an isothermal abiding for 1 min,
slow cooling to ambient, and then heating again to

3508C. The results are indicated in Figure 2. There is
an exothermic peak at 1308C on the cooling step,
which was estimated as a recrystallization of quasi-
crystal and to be cleared at 1508C associated with
quasicrystal on the cooling step. And the melting
peak at round 2308C was larger due to formation
more perfect crystal.

With boric acid increasing, the melting tempera-
ture of quasicrystal and crystal increased and
decreased, respectively. It can be explained that the
unperfected crystal was conformed by the addition
of boric acid and the regularity of PVA crystal
decreased during the crystallizing course from aque-
ous solution state. And the temperature of the peak
related to the degradation of PVA/boric acid film
increased due to the intercrosslinking of high con-
centration of boric acid. It is believed that, as the
boric acid used a crosslinking agent in the PVA, it
can form a didiol complex with PVA by hydrogen
bonding.27 These facts appeared more clearly in the
drawn films.

X-ray analysis

Figure 3 shows the X-ray diffraction scans of the
undrawn and drawn PVA films containing boric
acid before iodination. The main peak at 2y 5
19.58(101) shifted to a lower scattering angle with
boric acid increasing, which might result from the
some broadening of original PVA unit cells owing to
the intrusion of -B of boric acid between PVA chains

Figure 1 DSC thermograms of the untreated PVA film
and undrawn and drawn PVA/boric acid films.

Figure 2 (a) DSC thermograms of untreated PVA film (b)
DSC thermograms of untreated PVA film (heating to
1308C? cooling to room temperature ? heating to 3508C).
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by crosslinking.28,29 The overall appearance of the
diffraction scans is similar to but the intensity of the
peak was clearer than that of the unoriented films.
The X-ray diffractometer scans of the untreated
drawn films along the equatorial direction through
the 100, 001, 10ı̄, 101, and 200 reflections were broad-
ened by boric acid.

TG analysis

Figure 4 shows the TG curves of the undrawn PVA
films containing boric acid before iodination. In this
study, thermal degradation of the PVA/boric acid
film was compared with that of the untreated PVA
film. The reports on the TG analysis for the
untreated PVA were described in our pervious
work.14 The first weight loss of films (Zone I) hap-
pened at 1608C, which must be associated with
moisture in films. The second weight loss of films
(Zone II) happened between 240 and 3208C, followed
by third weight loss (Zone III) from 320 to 4608C,
and then the last weight loss (Zone IV) from 460 to
5408C, associated with partial side groups, the resi-
due side groups and partial polymer backbone and
then remaining polymer backbone, respectively, and
a very small amount of a residue from films at a
higher temperature. For the PVA/boric acid film,
similar ranges of the weight loss were observed, the
first from 260 to 3408C, followed by a further weight
loss between 3408C and approximately 4808C, and
the last weight loss from 4808C and then leaving a
residue. Consequently, the set-on temperatures of

PVA/boric acid films at each stage were 20 � 308C
higher than those of untreated PVA films, indicating
that PVA/boric acid film has a better thermal stabil-
ity than untreated PVA films due to the crosslinking
of B��O bonds. With boric acid increasing, the set-
on temperature of each steps increased.

Optical properties of IBC films

Table I shows the variation of the transmittance and
degree of polarization of films with various concen-
tration of boric acid. Because of the high weight gain
of I2/KI, the value of the transmittance of films io-
dinated was very low. Over 10 wt % I2/KI films, the
values of DP reached 100 but the films were not suit-
able for polarizing films due to the low transmit-
tance (>10%) of films. In the case of 5 wt % I2/KI
for films, transmittance increased to about 40% but

Figure 3 X-ray diffraction scans of the undrawn and
drawn PVA films containing boric acid before iodination.

Figure 4 TG curves of the undrawn PVA films containing
boric acid before iodination.

TABLE I
Transmittance and Degree of Polarization of IBC Films

with Various Concentration of Boric Acid

Weight
gain of
I2/KI
(wt %)

Conc. of
boric acid
(mol/L)

Transmittance
(%)

Degree of
polarization

(%)

5 0 47.78 94.72
0.1 43.15 94.63
0.5 42.05 94.01
1.0 17.96 99.99

10 0 27.86 99.85
0.1 31.71 99.87
0.5 43.20 99.95
1.0 0.42 99.99
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DP decreased due to the low absorption of I2/KI.
The most adequate film for polarizing films was pre-
pared by 10 wt % I2/KI film. With the concentration
of boric acid increasing, the transmittance and DP
increased to 0.5 mol/L and then decreased due to
the increasing crosslinking in the film, which can
decrease the quantities of the effective iodine mole-
cules. For high quality polarizing films, the concen-
tration of 0.5mol/L boric acid may be reasonable.

Figure 5 shows the behavior as a polarizer of the
film weight gain of I2/KI 10% and 0.5 mol/L boric
acid. The lights of wavelengths between 450 and 700
nm are polarized. The DP and transmittance of this
film are 99.9% and 43.2%, respectively. As compared
with commercial polarizing films, this IBC film also
has good property for polarizing films.

Figure 6 shows the resistances for the heat and
humidity of polarizing films. As time increased, the
transmittance of the films increased due to the sub-
limation of iodine and polyiodine molecules easily
deformed and released from PVA. The change of
transmittance for commercial films was faster than
that of IBC films. This can be explained by the fact
that the interaction between polyiodine molecules
and PVA chains as state of IBC is higher than that
of the commercial state. The effect of boric acid may
be strengthened for the resistance of heat and
humidity.

Structure of IBC polarizing films

For analysis the IBC polarizing films, we selected the
films of 10 wt % weight gain of I2/KI, of which films
contained high degree of polarization.

DSC analysis

Figure 7 shows the DSC thermograms of the
untreated IBC polarizing film and treated films with
boric acid. There are two kinds of endothermic
peaks at around 120 and 2008C. As compared with
PVA/boric acid films, the temperature of the peaks
decreased due to the addition of I2/KI (10 wt % of
PVA), which is associated with I2 of oxidation. The

Figure 5 Behavior as a polarizer of the film weight gain
of I2/KI 10% and 0.5 mol/L boric acid. (a) Transmittance
of a sheet of the film parallel (b) and vertical (c) arrange-
ment in direction of elongation (d) degree of polarization.

Figure 6 Change of transmittance of IBC films at 508C
and relative humidity 80% for 270 h with time.

Figure 7 DSC thermograms of IBC polarizing film treated
with various conc. of boric acid.
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sharp peak at 2008C of the untreated IBC polarizing
film, corresponding to the overlapped peak of crystal
melting and decomposition of side groups, divided
to double peaks and decreased the temperature of
peaks with the treated boric acid. As mentioned of
our previous report,16 there was PVA original crys-
tal, not combined with iodine (in case of low weight
gain of I2/KI) but relaxed in IBC state. With conc. of
boric acid increasing, the temperature of peaks
decreased owing to the intrusion of boric acid
between PVA chains by crosslinking and then lost
crystal, which remained quasicrystal state and
appeared at lower temperature as a broad peak. But
the temperature of quasicrystal peak increased with
conc. of boric acid due to the increase of crosslinking
in the IBC polarizing film. In the case of 1.0 mol/L
boric acid, there was a broad triple peak from 120 �
1908C corresponding to the melting of quasicrystal,
melting of crystal and decomposition of side groups,
respectively.

X-ray analysis

Figure 8 shows the X-ray diffraction scans for IBC
polarizing films. The intensity of main peaks
decreased with boric acid as compared with the
untreated film because of the relaxation of crystal by
the intrusion of boric acid, which supported the DSC
results as mentioned earlier. As compared with
PVA/boric acid films (Fig. 3), the main peak of
which shifted to a higher angle and broadened due
to the intrusion of iodine.

TG analysis

Figure 9 shows the TG curves for IBC polarizing
films. In the case of IBC films, the set on the temper-
ature of Zone II decreased than that of PVA/boric
acid due to the oxidation of I2, but this temperature
increased with boric acid. This may be a result of a
special crosslinking quality associated with the better
thermal resistance of B��O compared to C��O
bond.30 With the increase of boric acid, the contents
of crosslinking increased and then the set-on temper-
ature of Zone III decreased and was separated into
two steps. This fact is clearly shown in 1.0 mol/L
boric acid.

Tacticity of films after deiodination

The change of PVA configuration is rare, but its
probability existed due to the complex role of iodine
and boric acid. In our laboratory, we were interested
in the modification of the PVA crystal by the sorp-
tion of some agents. Moreover, in the IBC method,
which was manufactured as a PVA-iodine aqueous
solution state, the molecular chain of PVA can be
changed easily. In this state, the inter- and intracros-
slinking of boric acid can accelerate the change of
PVA configuration. So we wondered what happened
in the change of PVA configuration.

Table II shows the tacticity of IBC films after de-
iodination through 1H NMR spectrometry. For this
measure, IBC polarizing films put in oven at 708C,
80% of relative humidity for 360 h for completely
deiodination. And then the films were dried in vac-
uum oven at 408C for 24 h. The original syndiotactic

Figure 8 X-ray diffraction scans of IBC polarizing films
treated with various conc. of boric acid.

Figure 9 TG curves of IBC polarizing films treated with
various conc. of boric acid.
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diad (s-diad) content of PVA was 54.4%, but the con-
tent of s-diad increased by iodination and the addi-
tion of boric acid. Especially, the IBC film containing
0.5 mol/L boric acid had higher s-diad content than
any other film. It certainly showed that the configu-
ration of PVA changed and their syndiotacticity
increased with iodine and boric acid. However, the
studies on enhancing the deformation of PVA will
be performed.

CONCLUSIONS

We manufactured PVA films iodinated at solution
state before casting (IBC) and examined its applica-
tion of polarizing film. On the other hand, the cross-
linking effects by boric acid on the structure and
properties also considered. The IBC polarizing films
were prepared by casting solutions of 10 wt % PVA
containing selected quantities of boric acid (0.1, 0.5,
1.0 mol/L of I2/KI solution) and 5, 10 wt % I2/KI.
The lights of wavelengths between 450 and 700 nm
are polarized in UV analysis. The degree of polariza-
tion and transmittance of the film (10 wt % I2/KI and
0.5mol/L boric acid) are 99.9% and 43.2%, respec-
tively. As compare with commercial polarizing film,
this IBC polarizing film also has good property for
polarizing film. The change of transmittance for com-
mercial film was faster than that of IBC polarizing
film. This can be explained by the fact that the interac-
tion between polyiodine molecules and PVA chains
as state of IBC is higher than that of commercial state.
The effect of boric acid may be strengthened for re-
sistance of heat and humidity. Crosslinking by boric
acid improved thermal properties of the PVA film,
resulting from increases of degradation temperature
in DSC and TG analysis. In the case of PVA/boric
acid film, it was found that the unit cell broadening

occurred, which was caused by the intrusion of boric
acid into PVA chains in X-ray analysis.
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