
Polymer Journal, Vol. 21, No. 8, pp 597~602 (1989) 

Differential Scanning Calorimetry and Stress Relaxation of 
Partially Saponificated Poly(vinyl alcohol) 

-Dimethyl Sulfoxide-Water System 

Mineo WATASE and Katsuyoshi NISHINARI*·t 

Chemical Research Laboratory. Faculty ofLiberal Arts, 
Shizuoka University, Ohya, Shizuoka 422. Japan 

* Instrumentation Research Laboratory, National Food Research Institute, 
Ministry of Agriculture, Forestry and Fisheries, 

Tsukuba 305, Japan 

(Received December I, 1988) 

ABSTRACT: In order to clarify the relation between the structure and properties of poly(vinyl 
alcohol) (PVA) gel, differential scanning calorimetry (DSC) and stress relaxation measurements 
were carried out. A small and broad endothermic peak which appeared at about 45'"C was 
attributed to the disentanglement of molecular chains. A sharp endothermic peak which appeared 
in the temperature range from 70°C to 110°C was attributed to the gel melting or transition from 
gel to sol. The endothermic enthalpy determined from the area enclosed by the melting endothermic 
peak and the beseline showed a maximum at a DMSO concentration around 0.277 mf, which was 
almost independent of the concentration of PVA. The relaxation spectrum of PVA gels showed a 
maximum as a function of DMSO concentration at 0.277 mfDMSO. It was suggested that the 
number and structures of junction zones and the conformations of flexible chains connecting 
junction zones are optimized to give maxima of the elastic modulus and the endothermic enthalpy 
of melting. 
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Physico-chemical properties of poly(vinyl 
alcohol) (PVA) gels prepared by repeating 
freezing-thawing cycles have been studied be
cause these gels can be used in bio-medical 
industries and are also interesting model sub
stances in order to clarify the gelation mech
anism and structures of hydrophilic poly
mers.1 ~s When the degree of saponification 
(DS) is higher than 96 mo!%, and the con
centration of PV A is high enough, very strong 
gels are formed with mechanical properties 
similar to commercially available rubber stop
pers. 5 PV A with low DS does not form a 
strong gel below the concentration 30% (w/w) 
even though the solution is subjected to 

freezing-thawing cycles. 5 PV A with higher DS 
( > 96 mo!%) forms a strong gel even at a low 
concentration as 15% (w/w) when its solution 
is subjected to freezing-thawing cycles. In con
trast, when DMSO is added to aqueous so
lution of PV A, a strong gel is formed even if 
the OS is low. 

' To whom correspondence should be addressed. 

PV A gels are believed to consist of crystal
line and amorphous regions. A crystalline re
gion consists of junction zones, aggregation of 
ordered molecules, while an amorphous region 
consists of long flexible molecules.9 · 10 The 
molecular forces which make the crystalline 
region are believed to be mainly h)'<lrogen 
bonds rather than van der Waals forces. The 
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presence of DMSO changes the structures of 
junction zones and the conformation of long 
flexible chains which connects junction zones. 
As a result, physico-chemical properties of 
PV A-DMSO-water gels will change. This 
change has been studied by rheological and 
thermal measurements in the present work. 

EXPERIMENT AL 

Materials 
The degree of polymerization (OP) and OS 

of PV A used in this study were 300 and 
88±0.5mol%, respectively. DMSO of the ex
tra fine grade reagent (Wako Pure Chemical 
Industries, Ltd.) was used without further 
purification. PV A solutions were molded to 
cylindrical gels (20 mm diameter and 30 mm 
length) as described previously. 11 

Stress Relaxation 
The apparatus used for stress relaxation 

measurements was a chainomatic balance 
type relaxometer, which was used in previous 
studies. 11 Relaxation curves up to 10 hours 
were observed in the temperature range from 
l 5°C to 75°C controlled by a silicone oil bath. 

Io.1mJ/s 
Io.1mJ/s 

Strain was always 5% throughout this study. 

Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) of 

gels was carried out by a Sensitive DSC SSC 
560 U (Seiko Instruments & Electronics, Ltd.). 
Forty five mg each of the gels were sealed into 
silver pans of 70 µI. A DMSO solution was 
used as a reference, and the weight was made 
equal within ± 0.1 mg to that of the sample gel 
in order to obtain a flat base line. The tempera
ture was raised from re at a heating rate of 
re min - 1 to observe the endothermic peak 
accompanying the transition from gel to sol. 

RES UL TS AND DISCUSSION 

Figures I (A)-(C) show typical heating 
DSC curves of PV A gels of various con
centrations for different DMSO concen
trations in DMSO-water. PV A gels are be-

' lieved to consist of somewhat crystalline junc
tion zones and amorphous regions.9 ·10 The 
junction zone is considered to consist of a 
parallel aggregation of extended molecular 
chains, while the amorphous region is con
sidered to consist of entangled flexible chains. 
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Figure I. Heating DSC curves of PVA-DMSO-water gels of various concentrations. Figures beside 
each curve represent the concentration of PVA in %(w/w). DP=300, DS=88mol%. DMSO con
centration: (A), 0.095 mf; (BJ, 0.277 mf; (C), 0.582 mf. 
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The energy required for molecular motion is 
supposed far lower for molecular chains in 
amorphous regions than for molecular chains 
in crystalline regions. A small and broad en
dothermic peak which appeared at about 45°C 
was attributed to the disentanglement of mo
lecular chains. This small endothermic peak 
was found only in PVA gels of partial saponi
fication (DS = 88 mo)%) and was not found in 
PV A gels of complete saponification (DS > 96 
mo!%). The reason is considered as follows: 
PV A gels of complete saponification consist 
mainly of crystalline regions, while PV A gels 
of partial saponification consist mainly of 
amorphous regions. A sharp endothermic 
peak which appeared at the temperature range 
from 70°C to I l0°C was attributed to the 
melting of gel or the transition from gel to sol. 
This transition temperature is called Tm here
after. A small and broad endothermic peak 
appeared at about 45°C was not affected so 
much by the concentration of added DMSO, 
while Tm shifted to higher temperatures up to a 
certain DMSO concentration and beyond that 
DMSO concentration, it shifted to lower tem
peratures with increasing DMSO. 

The melting temperature Tm of PV A
DM SO-water gels as a function of DMSO 
concentration takes a maximum around 0.277 
mfDMSO for 20-25% (w/w) PVA gels, and 
the DMSO concentration giving the maximum 
Tm increased with increasing concentration of 
PV A (Fig. 2). This tendency is contrary to that 
observed in agarose-DMSO-water gels. 12 

From the experimental observation that agar
ose molecules do not form a strong gel in 
DMSO, it was suggested that agarose mol
ecules cannot form junction zones in DMSO, 
while they form junction zones in water. In the 
present case of partially saponificated PVA, 
water is not a single solvent to form a strong 
gel. DMSO is necessary for partially saponifi
cated PVA to form a gel in the present case. 
Kajiwara et al. 13 showed that 1-5% (w/w) 
PVA with higher DS (99.5 mol%) forms a gel 
in the presence of DMSO concentration range 
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Figure 2. Melting point Tm of PVA-DMSO-water gels 
of various PVA concentrations as a function of DMSO 
concentration. Figures beside each curve represent the 
concentration of PVA in %(w/w). 

from 40 to 80% (w/w). They found beyond this 
DMSO concentration the PV A-DMSO-water 
system forms a transparent solution, and that 
below this DMSO concentration this system is 
not homogeneous and some cloud-like clusters 
float. They also observed that this system 
forms an opaque gel with the DMSO concen
tration less than 40% (w/w), because water is a 
poor solvent for PV A, and thus it prevents 
PV A chains to swell. Therefore, the experi
mental fact that the maximum Tm appeared in 
higher DMSO concentrations with increasing 
concentration of PV A may be understood 
from the difference of dissolving power of 
DMSO and water for polymers. 

Figure 3 shows the endothermic enthalpy 
AHm which was determined from the area en
closed by the sharp endothermic peak and the 
base line (dotted line in Figures l(a)-(c)) as a 
function of DMSO concentrations for PV A 
gels of various concentrations. AHm showed a 
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maximum at about 0.277 mf DMSO irrespec
tive of PV A concentrations. 

Reduced relaxation Young's modulus of 
40% (w/w) PVA gels at various temperatures is 
shown for different DMSO concentrations in 
Figure 4. 

Master relaxation curves were made from 
reduced relaxation Young's modulus by means 
of a reduced variable method, and are shown 
in Figure 5. Relaxation spectra were deter
mined using Alfrey's approximation, and are 
shown in Figure 6. Both in Figures 5 and 6, 
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Figure 3. The relation between endothermic enthalpy 
/',.Hm, determined from the area enclosed by the melt
ing endothermic peak and the baseline, and DMSO 
concentration. 
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master relaxation curve or relaxation spectrum 
as a function of DMSO concentration is larg
est at DMSO concentration of 0.277 mf. The 
shift factors are plotted against the inverse of 
the absolute temperature in Figure 7. The 
apparent activation energy was estimated as 
191. 5 kJ mol - 1 from the slope of the straight 
line part of this plot. This value was almost 
independent of DMSO concentration. 

Generally speaking, the state of gels depends 
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Figure 4. Reduced relaxation Young's modulus of 40% 
(w/w) PVA-DMSO-water gels with different DMSO 
concentrations. (A), 0.104mf DMSO; (B) 0.277mf 
DMSO; (C), 0.582 mf DMSO. Figures beside curves re
present the temperature in "C. 
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Figure 5. Master relaxation curves of 40% (w/w) PVA-DMSO-water gels with different DMSO 
concentrations. e, 0.104mfDMSO; O, 0.277mfDMSO; ,6,, 0.582mfDMSO. 
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Figure 6. Relaxation spectra of 40% (w/w) PVA
DMSO-water gels with different DMSO concentra
tions. (a), 0.277 mf DMSO; (b), 0.582 mf DMSO; (c), 
0.104mf DMSO. 
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Figure 7. The relation between average shift factor aT 

and I/Tm for 40% (w/w) PVA-DMSO-water gels with 
different DMSO concentrations. 6., 0.104mf DMSO; 
e, 0.277mf DMSO; 0, 0.582mf DMSO. A down
ward arrow shows an inflexion point which corresponds 
to the internal melting of gels. 

on a balance of crystallinity and the solubility. 
The decrease in Tm, AHm, beyond DMSO 
0.277 mf was attributed to the increase of free 
DMSO which shifts this balance to the solu
bility side. The increase in Tm and AHm with 
increasing DMSO concentration up to 
0.277 mf was attributed to the decrease of free 
water which did not form a hydrated com
pound with DMSO. When the free water 
content is higher, the gelling ability is lower. 

Since interaction between water and DMSO 
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is very strong, a mixture of water and DMSO 
shows peculiar characteristics. The structure of 
a hydrated compound of DMSO has been 
shown to be (CH3 )zSO · 2H20 by viscometric14 

and ultrasound velocity15 investigation. 
However, the neutron diffraction study has 
shown it to be (CH 3)zSO · 3H20. 16 Note that 
0.277 mf DMSO is the intermediate of these 
two compounds. 

The fact that the relaxation spectrum of 
PV A gels containing DMSO showed a max
imum at the DMSO concentration around 
0.277 mf (Figure 6) is understood as follows. 
The elastic modulus of thermo-reversible gels 
depends on the number and structure of cross
linking junction zones, and on the confor
mation of flexible chains which connect junc
tion zones. A simple gel model, consisting of 
Langevin chains whose both ends are loosely 
fixed in crystalline junction regions in such a 
way that the segments near each end are bound 
densely in one of the junction region, has been 
proposed in order to explain the temperature 
dependence of elasticity of thermo-reNersible 
gels. 17 According to this model, the segments 
are assumed to be released from the junction 
zone with increasing temperature just as 
threads are released from a reel. When all the 
segments in one of the two ends are liberated 
from the junction zone, the chain is called a 
free chain in the theory of rubber elasticity, 18 

and would cease to contribute to the elasticity. 
Using this model, the elastic modulus of 
thermo-reversible gels can be calculated 
numerically by assuming the number .. V of 
molecular chains in a unit volume, the values 
of bonding energy F., average end-to-end dis
tance of Lengevin chains rm• an upper limit v of 
the number of segments released from the 
junction zone before the chain ceases to con
tribute to the elasticity. The number of cross
linking junction zones will decrease with in
creasing DMSO content. The elastic modulus 
of thermo-reversible gels is proportional to the 
number of cross-linking junction zones if the 
conformations of flexible chains are the same. 
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The presence of DMSO changes the ratio of 
entropic and energetic contributions to the 
elastic modulus. The entropic term increases 
with increasing length of flexible chains. 19 At a 
certain DMSO concentration around 0.277 mf, 
three main factors, the number and structures 
of cross-linking junction zones, the confor
mation of flexible chains connecting junction 
zones, or e, rm, v, .A1 in the above-mentioned 
model which determine the elastic modulus, 
become optimum to realize the maximum of 
elastic modulus. Research should be conduct
ed to determine the effects of DMSO on the 
conformation of PV A molecules in water, and 
on the structure of junction zones so that we 
may be able to understand further details. 
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