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ABSTRACT: Extension induced iodine-poly(vinyl alcohol) (PVA) complexation was studied 
for PV A films with different degrees of hydration in very dilute iodine aqueous solutions. The 
complexation was reversibly induced by extension and its recovery. The strain energy required for 
the complexation was estimated to understand complexation enhancement by extension. The strain 
energy increased with the increase of temperature, and with the decrease of the iodine con
centration, while it was almost independent of the degree of hydration. This extension induced 
complexation is considered to be due to the decrease in the entropy of PV A chains by extension. 
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Formation of the iodine-PV A complex in 
an aqueous solution is affected by many 
factors. For example, the complexation is 
enhanced by (I) the increase in the concen
trations of PV A and iodine/ (II) the in
crease in syndiotacticity of PV A, 2 (III) ad
ditions of boric acid3 and of orthotelluric 
acid,4 (IV) .decreasing temperature, 1.5 and 
(V) acetalization of PV A.6 The complexation 
does not occur at a great dilution of PV A or 
iodine?· 5 • 7 Acids, the decreasing tempera
ture, the acetalization of PVA and the syn
diotacticity of PV A seem to decrease the 
mobility of PVA chain or cause a chain con
formation suitable for complexation, resulting 
in the formation of the complex. 

lodine-PV A complexation also occurs in 
the swollen gel state of PV A. The com
plexation in swollen films has been studied 
as functions of the iodine concentration and 
added amounts of boric acid8 in the soaking 
solution, the degree of hydration D.H. of PV A 
films9 and the extension of PV A films. 7,1o 

The effects of iodine concentration and ad
dition of boric acid on the complexation of 
swollen films were similar to those in the 
complexation in aqueous solutions. The in
crease in D.H. of PV A films increased the 
amount of complex formed under a given 
soaking condition. It was also found that the 
extension of PV A films remarkably enhanced 
the complexation: when yellow colored PV A 
films in which no complexation had occurred 
were stretched in the very diluted solution10 

or in the vapor of iodine, 8 they changed color 
to blue, showing that the complexation was 
induced by extension. The visible absorption 
maximum Amax of the complex was found to 
increase with extension, indicating that the 
length of the polyiodine chain increased with 
extension. The formation of PYA-iodine 
complex induced by extension was supposed 
to be due to the excess strain energy stored 
in PV A chains, 10 in analogy to the elevation of 
the melting point observed in drawing natural 
rubberY> 
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In this paper, we studied quantitatively the 
complexation induced by extension of PV A 
films in very dilute iodine aqueous solutions. 
The amounts of complex were measured as a 
function of extension. The excess energy re
quired for the complexation was also mea
sured with particular interests in the effects of 
D.H. of PV A films and the iodine concen
tration in the soaking solutions on the com
plexation. 

EXPERIMENTAL 

Details of preparation method of water 
swollen PV A films were described in a pre
vious paper.9 Films 50 11m thick were cast 
from a 7 wt% aqueous PV A solution at 20°C, 
followed by annealing to get different D.H.s of 
specimens. The D.H. was defined as the vol
ume fraction of water in a wet PV A film at the 
equilibrium swollen state. Iodine and potas
sium iodide (W ako Pure Chemical Industries 
Ltd.) were used without further purification. 
Iodine-potassium iodide aqueous solutions 
with a mole ratio of 1 : 2 were prepared for 
soaking of PV A films. The concentration of 
iodine in the solution was varied from 2 x 10-4 

to 9 x 10-4 moll- 1 in this study. The equilib
rium iodine sorption by the swollen films was 
measured after a 24 hours soaking in each 
solution. For evaluation of the amount of 
complex, the visible ray spectra of specimens 
extended by using the device shown in Figure 
1(a) were measured by a Shimadzu UV-240 
spectrophotometer in a range from 400 nm 
to 800 nm. The stress-strain curves of swollen 
PV A films were obtained at a given tempera
ture, using a device whose schematic diagram 
is shown in Figure 1(b). The initial length of 
specimen was 2 em in the stretching experi
ments. The cross-head speed of the exten
someter was 2.3 mm min - 1 , and the force was 
detected by a strain gauge. 
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Figure 1. Schematic representation of the apparatus 
for (a) absorbance measurement on extension, (b) stress
strain measurement. 

RESULTS AND DISCUSSION 

Figure 2 shows stress-strain curves of io
dine-sorbed PVA films of D.H.=0.85, 0.77, 
and 0.64, measured in solutions of 3, 6, and 
9 x 10-4 moll- 1 iodine concentrations. Prior 
to the stress-strain measurements, all the 
samples were soaked for 24 hours at the same 
iodine concentration of solutions at 30°C as 
those in which stress-strain curves were mea
sured. Figure 2 shows that all the films had 
high extensibilities over 400% in strain with 
yield regions at strains of 70-120% and that 
the stress-strain behavior depended much on 
D.H. of films but not on the iodine concen-
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Figure 2. Stress-strain curves of iodine-sorbed PV A 
films ofD.H.; (a) 0.64, (b) 0.77, (c) 0.85 at various iodine 
concentrations: (---), 3x 10-4 moll- 1 ; (----), 

6x 10- 4 moll- 1 ; (--), 9x 10-4 moll-! at 30°C. 

tration of the soaking solutions. The latter 
result may be due to the small concentration of 
iodine used in this study. Iodine concentra
tions such as would not cause any complexa
tion were chosen (and therefore the films 
remained yellow in color) when the films were 
soaked in the solutions without extension. 
However, the color turned to blue during 
extension, indicating that the complexation 
was induced by extension. It should be re
marked that no complexation was induced 
even by extension in solutions of iodine con
centrations less than 2 x 10-4 moll- 1 . The 
arrows on the stress-strain curves indicate 
the point where the color of film began to 
change from yellow to blue, in other words, 
the point where the complexation began to 
occur. In a previous paper,10 it was shown 
that the stress-strain behavior was much 
changed by the complexation. In this case, 
however, it is difficult to find any apparent 
effect of the complexation on the stress-strain 
relations, which must be due to the fact that 
the amounts of iodine-PV A complex were very 
small because of the small concentration in 
the soaking solutions. The complexation 
points, on the stress-strain curves indicated by 
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Figure 3. Absorption spectra of iodine-sorbed PV A 
films on extension in 3 x I 0-4 moll- 1 of iodine at 30°C: 
(--), 300% extension in the solution; (----), 0% 
extension in the solution; (---), soaked in the solu
tion after 300% extension. 

arrows, appear in the yield region and shift to 
larger strain side with decreasing iodine con
centration for a given D.H. of specimen. Next 
the complexation induced by extension was 
studied with UV-absorption using a device 
shown in Figure l(a). 

Figure 3 shows absorption spectra of io
dine sorbed PV A films, measured before and 
after extension in a solution Of 3 X 10-4 mol 
1- 1 iodine concentration at 30°C. Before ex
tension, the PV A film soaked in the solution 
for 24 hours had no peak in the spectrum, 
indicating that no complexation occurred. 
On the contrary a broad peak appeared at 
about 700 nm ·when the film was extended 
by 300% in the solution, indicating that the 
complexation was induced by extension. The 
increase in extension of PV A films caused a 
shift of A.max to longer wave length. The com
plexation also occurred on soaking in the 
dilute solutions after a 300% extension of 
PV A film swollen in water. These results in
dicate that the extended conformation of 
PV A chains is favorable to the complexation. 

Figure 4 shows the absorbance at A.max of a 
specimen ofD.H. =0.84 soaked in the solution 
of 3 x 10-4 moll- 1 iodine concentration as a 
function of strain at 30°C. This absorbance is 
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Figure 4. Absorbance as a function of strain at 30°C, 
together with the absorbance on recovery: (e), recovery 
from 300% extension; (£), recovery from 200% exten
sion;(.), recovery from 100% extension. 

assumed to be proportional to the equilibrium 
amount of complex.9 The amount of complex 
suddenly became recognizable at the strain 
indicated by each arrow in Figure 2, followed 
by successive increase with extension. A re
sidual strain was caused after high extension 
over 100% extension. The amounts of complex 
measured after removal of extension force are 
also shown by solid points in Figure 4. The 
abscissa for these solid points corresponds to 
the residual strain after removal of extension 
force. The results that the solid points lie 
among the group of open points which were 
measured on the course of extension and that 
the complexes formed by extension less than 
the yield points completely dissociate after 
removal of strains indicate that the complex
ation is reversibly induced by extension and 
its recovery. The reversible complex formation 
caused by extension may be qualitatively ex
plained by the decrease in the entropy of 
PV A chain due to the chain extension. 

Let gc and g. be the free energy of the 
complex and non-complex phases, respec
tively. g. depends not only on the concen
trations of iodine and PV A, and temperature 
but also on the conformational energy of 
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PVA chains related to the entropy of PVA 
chains. The point Td where gc is equal to g. 
corresponds to the decomposition temperature 
of complex. The non-complex phase is stable 
above Td. At Td, the following equation must 
be satisfied, 

Td = /1Hcomp/ /1Scomp 

where AHcomp and AScomp are the differences in 
enthalpy and entropy between complex and 
non-complex. Td depends on the iodine con
centration and the state ofPVA chains, as g. is 
a function of them under given pressure and 
polymer concentration (which is considered to 
closely related to D.H.). If Td is lower than the 
soaking temperature, no complex occurs. This 
is the case of very low iodine concentration. 
Let us consider a case where PV A chains in the 
non-complex phase are stretched to increase 
the g. mainly due to the decrease in their 
conformational entropy. This increase in g. 
necessarily shifts Td where g. is equal to gc to 
higher temperature. When Td becomes equal 
to the soaking temperature, the complexation 
becomes possible. The enhancing effects of 
addition of acids to iodine solutions3 •4 •8 and 
the syndiotacticity2 and acetalization6 of 
PV A on the complexation may be explained 
also by decreased entropy of PV A chains. The 
experimental estimation of strain energy re
quired for complexation must be important to 
understand the complexation enhancement by 
extension. Thus we studied the strain energy 
corresponding to the complexation point as 
functions of temperature, iodine concentration 
and D.H. ofPVA films which depended on the 
fine structure. 

Figure 5 shows the total strain energy 
(standardized by the unit volume of swollen 
film) corresponding to the complexation point, 
as a function of D.H. at different tempera
tures. The total energy remarkably decreases 
with increasing D.H. and is smaller at lower 
temperature. 

This strain energy was standardized further 
by the unit volume of PV A, taking into con-
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sideration the situation that the strain energy 
was related to the extension of PV A com
ponents. The tendency that the strain energy 
decreases with the increase in D.H. was still 
kept in this case, though the dependency on 
D.H. decreased more than before. The total 
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Figure 5. Total energy per unit volume of gel as a 
function ofD.H., at 30°C (0) and at soc (e). 
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Figure 6. Strain energy on recovery per unit volume of 
polymer as a function of D.H., at 3ooc (0) and at soc 
<e>. 
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strain energy is contributed not only by the 
energy stored in chains but also by the energy 
dissipated during the extension. Thus, we 
should take only the energy stored in chains. 
It is not difficult to estimate the energy stored 
in chains from the hysteresis curves of stress
strain, unless the extension is very high. As 
mentioned above, some residual extension of 
chains occured in highly extended specimens. 
The energy to cause the residual extension of 
chains is recognized as apparently "dissipated 
energy", even though it is originally "stored 
energy". However, this problem is not impor
tant in cases where no appreciable residual 
strain is caused. The stored energy was 
estimated from a cycle of extension to the 
complexation point and the recovery. 

In Figure 6, the strain energy thus obtained 
for the complexation is shown as a function of 
D.H., indicating that the energy is almost 
independent of the D.H. of PV A films, and 
also that the values at soc are less than those 
at 30°C at a given iodine concentration. This 
is in agreement with the results shown in a 
previous paper9 that the lower temperature 
is favorable to the complexation, i.e., the de
creased temperature caused an increase in the 
amount of complex formed at a given iodine 
concentration, and also the shifts of ).max to 
longer wave lengths. Because of the depen
dence of Td on the iodine concentration, the 
strain energy required for complexation must 
be larger at lower than higher iodine concen-
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Figure 7. Dependence of the concentration of iodine on the strain energy at soc in 3 x 10-4 moll- 1 (e), 
2 x 10-4 moll- 1 (,&),LEFT; at 30oC in 9 x 10-4 moll- 1 (0), 6 x 10-4 moll- 1 (6), 3 x 10-4 moll- 1 (0), 
RIGHT. 
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trations, when the iodine concentration is 
changed at a given temperature. 

Figure 7 shows the iodine concentration 
dependence of the strain energy for complex
ation at 5 and 30°C. TP.e strain energy de
creases with the increase of iodine concen
tration at both temperatures. The strain energy 
for complexation, however, has a very small 
dependence on D.H. at every iodine concen
tration. 

Thus, the formation of PYA-iodine com
plex induced by extension is explained on en
ergetics by the decrease in the entropy of PV A 
chains. The helical model and the extended 
model have been proposed for the structure 
of PV A-iodine complex. 1 The complex for
mation on soaking in the dilute solution before 
and after extension of PV A film as shown in 
Figure 3 indicates that the extended confor
mation of PV A chains is favorable to the 
complexation. The remarkable increase in 
Young's modulus on soaking film in iodine 
aqueous solution indicates that extra junction 
points due to iodine complexes are formed. 10 

We now support the latter model that the 
iodine chain is surrounded by several extended 
PV A segments. 
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