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ABSTRACT: PYA films with a wide span of hydration (swelling) were soaked at different 
temperatures in iodine aqueous solutions to make the iodine-PYA complex, with a particular 
concern for the effects of the degree of hydration (D.H.) on the complex formation. The visible 
absorption maximum A.m., increased with D.H., while it decreased with temperature. The 
equilibrium amount of the complex increased with D.H. at a given concentration of iodine below 
20°C. However, the effects of D. H. on the amount of complex deteriorated with increasing 
temperature and at 45°C became reversed to those at low temperature. When the samples soaked at 
soc were heated in the solution, the amount of complex suddenly began to decrease at 20oC; this 
corresponded to the sudden stress relaxation of water swollen PV A films. This transition seems to 
have great effect on the complexation. 
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Poly(vinyl alcohol) (PYA) forms a complex 
with iodine, changing the color from brown to 
blue. 1•2 The most important application of the 
complex is use as sheet polarizers with a high 
quality of dichroism.3 The polarizer is usually 
prepared by soaking PYA films in the iodine
potassium iodide solution with boric acid and 
by subsequent drawing to cause a high degree 
of uniaxial orientation. The iodine-PYA com
plexation occurs both in the aqueous solution 
and swollen gel states of PYA depending on 
the iodine concentration and temperature. For 
example, in solution, the amount of 
increases with increasing concentrations of 
PYA, iodine and boric acid.4 The complex 
disappears during heating and again appears 
during cooling, resulting in color changes be
tween blue and brown.2 •5 •6 The extension of 
PYA gels enhances the complexation,5 •7 sug
gesting that the extended conformation of 

PYA chain segments is favorable for com
plexation. The strain-induced complexation is 
reversed on removal of the strain.7 Many 
studies have been made also on the structure of 
the complex. For example, Zwick hypothe
sized a structure in which a linear polyiodine 
chain is included by helical PYA chains going 
around,4 according to the structure of the 
iodine-amylose complex.8 Inagaki et a/. 9 sup
port this structure with the similarity between 
the raman spectra of iodine-PYA and 
iodine-amylose complexes. On the other hand: 
Rundle et a/. 10 proposed another one in which 
a polyiodine chain lies parallel to an extended 
part (segment) of a PYA chain. Tebelev11 

supports Rundle's model and further proposes 
that the iodine chain is surrounded by several 
extended PYA segments. In spite of these 
propositions, the structure has not been ex
plicitly determined. We have been interested in 
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the structure and properties of water swollen 
PV A films with emphasis on their relation to 
the degree of hydration D.H. 7 The effects of 
D.H. on the complexation are our concern in 
this study. In solution, the increase in the PVA 
concentration enhances the complexation.4 If 
this is still satisfied in the swollen film, the 
smaller D.H. is favorable for the complexa
tion. Further, the extension of network 
chains caused by swelling may help the seg
ments to participate in the complex formation. 
On the other hand, PV A chains in the gel must 
be under a large constraint resulting mainly 
from the crystal interfaces, which may have 
some inhibitive effect on the complexation. 
These considerations made us expect the com
plicated features of the effects of D.H. on the 
complex formation. 

In the present paper, the effects of D.H. on 
the complexation in swollen films are studied 
at different temperatures and concentrations 
of iodine in the soaking solution. 

EXPERIMENTAL 

PVA (Koso Chern. Co., DP=2000, degree 
of hydrolysis=0.99) was used after further 
saponification with sodium methoxide in 
MeOH. TheIR spectrum of the PVA detected 
no trace of acetate groups. Films 50 11m thick 
were cast from a 7 wt% aqueous solution of the 
PV A on PMMA plates in air at 20°C, followed 
by annealing to get different D.H.s of the 
specimens. The annealing temperature ranged 
from I oooc to 180oC in vacuo and the time was 
10 minutes. The D.H. defined as the volume 
fraction of water in a wet PV A film, was 
estimated at each soaking temperature using 
the following equation, 

where Ms and Md are the weights of a film at 
the equilibrium swollen and dry states, re
spectively, and 1.3 is the specific gravity of 
PV A. Iodine and potassium iodide (Yanagi
shima Pharm. Co., GR grade) were used with-
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out further purification. Iodine-potassium 
iodide aqueous solutions with a mol ratio of 
1 : 2 were prepared for the soaking of PV A 
films. The iodine concentration in the solution 
ranged from 3x 10-4 to 4.5x 10-3 moll- 1 

which was much less than that in the actual 
polarizer production. For certification of 
complexation and evaluation of the amount of 
complex, the visible ray spectra of the soaked 
specimens were measured in the wet state in 
a range from 400 nm to 700 nm by a Hitachi
Perkin-Elmer 139 spectrometer. It took 3 
minutes for each measurement of the spec
trum, during which the temperature was con
trolled by making water at a given temper-. 
ature run through the bottom of the sample 
cell. In this paper, the spectrum of PVA gels 
soaked for 10 minutes in the solution of the 
highest iodine concentration that did not cause 
any noticeable complexation in about 20 min
utes at a given temperature was assumed to 
give the shape of the base line for all the 
spectra with the complex obtained at the given 
temperature. First, the spectrum of a specimen 
without the complex thus soaked for 10 min
utes at a given temperature was fitted at 
400 nm to a given spectrum with complexa
tion obtained at the same temperature, assum
ing that the complex had no absorbances at 
400 nm. Using the base line, we regarded the 
absorbances at Amax as the quantity describing 
the amount of complex. Since the relation
ships between the absorbance and the 
amount of complex has not yet been obtained, 
the absorbance normalized by the thickness 
of wet sample was used in place of the 
amount of complex in this paper. Thus, the 
absorbance gives the relative amount of com
plex normalized by a unit volume of wet sam
ple. 

RESULTS AND DISCUSSION 

Figure I shows the effects of iodine con
centration in the soaking solution on the ab
sorption spectra of a PV A gel film of 
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D.H. = 0.51 soaked at 5°C for 24 h which was 
long enough for equilibrium to be reached. A 
broad absorption with a maximum at about 
600 nm already assigned to the iodine-PV A 
complex12 intensified with increasing concen
tration. The increase of the concentration 
seemed also to increase the wavelength A.max 

at the absorption maximum, although it was 
difficult to estimate the exact value because 
of the broadness of the spectrum. The same 
changes as shown in Figure 1 were also ob
served for different D.H.s of the specimens. 
The Amax depends on the structure of the com
plex, while the absorbance at the A.max does on 
the amount of complex. 

Figure 2 shows the relationships between 
A.max and D.H. obtained at different iodine 
concentrations in the soaking solution at 30oC. 
The A.max markedly shifts to the longer side 
with increasing D.H. and iodine concen
tration; the effect of D.H. is particularly large. 

Figure 3 shows the relationships between 
A.max and D.H. at various temperatures, for 
given iodine concentrations of I x 10- 3 moll- 1 

at 5°C, at l5°C, 3xl0- 3 

moll- 1 at 25°C, and 4x 10-3 moll- 1 at 30 
and 45°C. The Amax increases with D.H. at all 
temperatures, and the temperature depen
dence of A.max is more remarkable at high 
D.H. It is noted, however, that the D.H. 
dependence of Amax is very small at 45oC. These 
relations hold even at different iodine con
centrations since A.max shifts to the longer side 
with increasing iodine concentration as shown 
in Figure 2. 

The A.max of the iodine-PV A complex in the 
absence of boric acid has not yet been shown 
to be explicitly related to the length of poly 
iodine (numbers of iodine atoms in a c:om
plex). It is known that the presence of boric 
acid markedly increases the A.max of the com
plex.4 The spectra of our iodine-PYA gels 
were very similar to those of the iodine-poly
( vinyl acetate) (PVAc) complexes reported by 
Hayashi et a/. 13 On the basis of Raman data, 
they concluded that the A.max due to 15 iodine 
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Figure 1. Absorption spectra of iodine sorbed PV A 
films at various iodine concentrations: (a) 3.0 x 10- 3 

moll- 1 ; (b) 2.5 x I0- 3 moll-\ (c) 2.0x I0- 3 moll- 1 ; 

(d) 1.5xl0-3 moll- 1; (e) l.Oxl0- 3 moll- 1 at soc, 
together with the base line (2.0x 10- 3 moll- 1 , lOmin) 
given by a dashed line. 
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Figure 2. The absorption maximum Am., as a function 
of D.H. at various iodine concentrations: (e) 
4.5x!0- 3 moll- 1; (0) 4.0x!0- 3 moll- 1 ; (6) 
3.5x I0- 3 moll- 1; (D) 3.0x I0- 3 moll- 1 at 30°C. 

complex is 620 nm for the blue-colored iodine
PV Ac complex, 670 nm for iodine-PV A com
plex in the presence of boric acid and 600 nm 
for the iodine-amylose complex. On the other 
hand, the A.max of 510 nm for red-violet colored 
iodide-PV Ac complex has been assigned to 13 
from the analogy of the Raman spectrum to 
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Figure 3. The absorption maximum Amax as a function 
of D.H. at various temperatures: (D) soc; (.6) !SoC; 
(0) 2SOC; (e) 30°C; (()) 4soc. 

that of polycrystalline (benzamide hH + I3- used 
as the model substance. These considerations 
lead us to suppose that the shift of Amax from 
S20 nm to 620 nm, caused by increased D.H. 
and decreased temperature, may be attributed 
to the increase in the number of iodine atoms 
in a polyiodine chain. It should be remarked, 
however, that the shift occurs gradually and 
continuously with change in D.H. and tem
perature, implying that the fraction of the 
I; complex gradually increases but not 
transition-like. 

Figure 4 shows the absorbance at Amax which 
is proportional to the equilibrium amount of 
complex, as functions of iodine concentration 
and D.H. at S, 4S0 C. According to Figure 4, 
the amount of complex increases with increas
ing iodine concentration at both temperatures. 
However, the ratio of the amount of complex 
to the iodine concentration is much dependent 
on D.H. and temperature. It is interesting to 
note that the D.H. dependence of the ratio is 
not monotonous; at sac, the larger the D.H, 
the larger the ratio, and at 4S°C, the effect of 
D.H. on the ratio takes the reverse order of 
that at low temperature. The curves shown in 
Figure 4 and curves obtained at IS, 2S, and 
30°C were found to be expressed by the follow
ing equation. 

(2) 
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Figure 4. The relation between the amount of complex 
Q, and the iodine concentration C in the solution as a 
function of D.H.: (0) 0.83; (.6) 0.76; (D) O.SI at soc, 
(e) 0.88; (.&) 0.72; (.) O.S8 at 4S°C. 

where Qc is the absorbance at Amax which is 
proportional to the amount of complex 
formed and C is the iodine concentration of 
soaking solution. K was found to be a constant 
of 1.2 x 104 . 

Figure S shows the eq 2 plot of data at S°C, 
indicating that the relation is well satisfied. 
Equation 2 means that the larger the param
eter A, the larger is the amount of complex is 
at a given iodine concentration. 

In Figure 6, the parameter A is plotted 
against D.H, indicating that A has a linear 
relationship with D.H. At any D.H., decreas
ing temperature always increased the amount 
of the complex. This means that less thermal 
agitation of chains is favorable for complex 
formation. It should be remarked that the A is 
for the equilibrium amount of complex, and 
therefore the temperature dependence of A is 
free from the temperature effect on the rate of 
complex formation. In Figure 6, the parameter 
A changes almost linearly with increasing 
D.H. at all temperatures, although the slope 
decreases with increasing temperature and be
comes even negative at 4S°C. 

In the case of homogeneous networks such 
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Figure 5. The relation between the log of the amount 
of complex Qc and the log of the iodine concentration C 
at soc. D.H.: (0) 0.83; (6) 0.76; (D) O.Sl. 
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Figure 6. Parameter A as a function ofD.H. at various 
temperatures: (D) soc; (6) lS°C; (0) 2SoC; (e) 30°C; 
(()) 4S0 C. 

as a cross-linked rubber, the equilibrium de
gree of swelling qm depends on the molecular 
weight of network chains Me. According to 
Flory, 14 the following relation is expected for a 
given rubber network-solvent system, 

(3) 

This quantitative relation is not expected in 
our heterogeneous networks in which crystal
lites play the role of junction points. We may, 
however, assume that the averaged molecular 
weight of network. chains may be larger in 
larger D.H. than in smaller D.H. ones. 
This leads us to suppose that the parameter A 
may depend on the mobility ofPVA chains in 
the gel determined by their thermal agitation 
and the length of network chains. The results 
showed that the longer network chain is favor-
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able for complex formation, unless thermal 
agitation is too intense. However, it should be 
remarked that the fact that the parameter A 
decreases with increasing D.H. at 45°C should 
be discussed together with the following ex
perimental results. The following experiments 
were carried out in order to study the nature of 
the complex after being soaked in a solution of 
2.5 x 10- 3 moll- 1 iodine concentration at 5°C 
until the equilibrium amount of complex was 
formed, specimens in the same solution were 
heated stepwise and kept at each temperature 
for 30 minutes, and the amount of complex 
was followed by a photometer. 

Figure 7 shows the absorbance of the com
plex as a function of temperature, indicating 
that the amount of complex remaining almost 
constant below 20°C begins to decrease 
linearly with increasing temperature above 
20°C. Finally the complex disappears com
pletely at 75°C and 60oC in the specimens of 
D.H. = 0.51 and 0.83, respectively. At a given 
temperature above 20°C, the amount of com
plex in the less D.H. specimens is larger than in 
the larger D.H. ones. The Amax of these speci
mens remains almost unchanged during heat
ing, as is also shown in Figure 7, which is 
contrast to the results shown in Figure 3 that 
Amax decreases with increasing soaking tem
perature at which the complex is formed. The 
decrease of the amount of complex with in
creasing temperature in Figure 7 is qualit
atively in accordance with the temperature 
dependence of the parameter A as seen in 
Figure 6. However, the decrease of the param
eter A occurred even below 20°C, while in 
Figure 7, the decrease of the amount of com
plex begins at 20oc. That the temperature 
dependence of the amount of complex in 
Figure 7 does not completely accord with that 
of the parameter A indicates a hysteresis 
phenomenon due to the stability of the com
plex depending on the soaking temperature. 

Figure 8 shows the stress of swollen PV A 
films under a 20% extension as a function of 
temperature. The heating conditions in Figure 
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Figure 7. Decomposion behaviour of iodine-PYA 
complex for different D.H.s: (0, e) 0.83, I X 

w- 3 moll- 1 ; (,!",,.A.) 0.51, 2.5x I0- 3 moll- 1 as a func
tion of temperature. 

8 were the same as in Figure 7. In spite of the 
big differences between the stress values of 
these samples with different D.H.s, their sha
pes of stress relaxation curves were very si
milar to each other. The comparison of Figure 
8 with Figure 7 indicates that (1) the stress 
relaxation becomes remarkable at tempera
tures close to those where the amount of 
complex begins to decrease in Figure 7 and (2) 
the stress relaxation occurs faster in the larger 
D.H. sample in which the amount of complex 
decreases faster in Figure 7. These similarities 
suggest some correlation between them, even if 
it is difficult to find a quantitative relationship 
between them. The change of stress with in
creasing temperature is attributed to the en
hanced stress relaxation and the increased 
entropy force. The sudden beginning of stress 
relaxation in Figure 8 indicates a discon
tinuous increase in the mobility of the network 
chains at the temperature, implying a kind of 
transition in PV A gels. It has been reported 15 

that the iodine-PVAc complex suddenly disap
pears when the temperature is over the glass 
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Figure 8. The stress relaxation at a constant length of 
PYA films for different D.H.s: (0) 0.83; (,!",) 0.51 as a 
function of tell).perature. 

transition point of the polymer. In our case, 
the decrease of the amount of complex occurs 
gradually, suggesting that the transition at 
20oc is not 'the Tg where the chain mobility 
changes from that of solid to that of liquid. 
Figure 8 shows the decrease of the amount of 
complex in Figure 7 to be induced by the 
increase in the chain mobility due to thermal 
agitation, and that the thermal agitation is 
more intense in the higher D.H. PVA gel than 
in the lower D.H. gel. If the decrease in the 
amount of complex in Figure 7 is due to 
decomposition of complex, the decomposition 
point of the stablest complex formed in the 
specimens of D.H.=0.51 is about 75°C and 
that in the D.H. = 0.83 specimens is 60°C, 
while that of the most unstable complex of 
these specimens is about 20oC. This span of the 
decomposition point of the complex may be 
too wide even if the heterogeneous structures 
of the gel and the complex are taken into 
considerations. However, if structural changes 
to enhance the mobility of the PV A segment 
such as the melting of very small crystallites 
gradually occur in the gel above 20°C, this 
widely distributed decomposition of the com-
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plex is possible. The results indicates that the 
effects of the transition of PV A film must be 
taken into consideration when the effects of 
D.H. on the complexation are studied. It is 
necessary to investigate what occurs above 
20°C in water swollen PV A gels, in order to 
discuss further this problem. Thus, we are now 
preparing a small angle X-ray scattering ex
periment to study the nature of the transition 
at 20°C of PV A gels. 

CONCLUSIONS 

The formation, decomposition and structure 
of iodine-PV A complex largely depend on the 
network structure of PVA film described by 
D.H. and on the thermal motion of network 
chains. Both the length (number of iodine 
atoms in a complex) and the number of com
plex become larger when the network chain is 
longer and the thermal mobility is lower. The 
mobility of molecular chains enhanced by 
melting ·of crystallites during heating decreas
es the amount of the complex. 
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