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SYNOPSIS 

The Freezing and melting behavior of aqueous poly (ethylene glycol) (PEG) solutions up 
to a concentration of 10% was examined using DSC. So long as the molecular weight of 
PEG is over 1000, the cooling and heating DSC curves have two peaks, which are attributed 
to freezable bound water and free water. The amounts of freezable bound water and non- 
freezing water linearly increase with an increase of PEG concentration. Therefore, a method 
using DSC was proposed for determining the concentration of aqueous PEG solutions. 
Although PEG concentration can be determined by the heat of freezable bound water, the 
ratio of heat of freezable bound water to heat of free water is a better way to determine 
the concentration. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Polyethlene glycol (PEG) is a water-soluble polymer 
that has been used in various fields such as deter- 
gents, medicines, cosmetics, and textiles. PEG also 
has been used as a standard solute in the solute ex- 
trusion method to characterize the swelling of pulp 
fibers and has been employed in a study on polymer 
adsorption? Because its molecular conformation in 
aqueous solution is random and simulates a sphere, 
PEG samples of different molecular weights are 
commercially a~ai lable .~ In analytical uses, the de- 
termination of its concentration in an aqueous so- 
lution is extremely important. The concentration 
has been determined using an interferometer4 or by 
the orthodox method, i.e., the mass change of the 
solution before and after evaporation of water. The 
former method requires expensive instruments and 
the latter method is tedious. Further, both require 
a fairly large amount of the solution. 

Recently, polymer gels and their hydration have 
been extensively studied using differential scanning 
calorimetry (DSC ) , nuclear magnetic resonance 
(NMR), and some other The results 
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from all of these methods suggested that three 
kinds of water exist in hydrogels. Among these 
methods, DSC is the most popular one, and the 
amounts of free water, freezable bound water, and 
nonfreezing bound water have been determined by 
DSC.7 Taking into consideration the facts that 
polymer gels are a kind of concentrated solution of 
polymer and that the freezable bound water is based 
on the existence of polymer in the aqueous solution, 
DSC could be applied to determine the amount of 
polymer in the solution, i.e., its concentration. In 
the present study, DSC curves of aqueous PEG so- 
lutions at different concentrations were examined 
to establish the determination method of PEG con- 
centration using DSC. 

EXPERIMENTAL 

Differtial Scanning Calorimetry 

A Rigaku heat-flux-type differential scanning cal- 
orimeter 8240B, equipped with a cooling cell, was 
used to determine the cooling and heating DSC 
curves.' Based on preliminary experiments, the fol- 
lowing procedure was found to give reproducible re- 
sults: A given amount of sample, about 10 pL, was 
quantitatively transferred in a micropipette to the 
DSC aluminum sample pan. The aluminum lid was 
put on the sample to cover it. After weighing quickly, 
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100. 

the pan was placed in the DSC chamber and was 
promptly cooled below 0°C to minimize the evapo- 
ration of water from the sample. Further cooling to 
-50°C was carried out at a scanning rate of 3"C/ 
min. The sample was then heated at a scanning rate 
of 2"C/min toward room temperature. Heat (en- 
talpy) determination from the DSC peak area was 
calibrated using a series of distilled water samples 
of different weights, assuming that the heat of fusion 
for water is 333 J/g.' 

- 1 PEG. Mn:20000IlOwt*l~ 

Polyethylene Glycol (PEG) 

All PEG samples were supplied by Sanyo Kasei Co. 
The molecular weights given are those reported by 
the supplier. It is well known that commercially 
available PEG has a fairly narrow molecular weight 
distribution? Except for the experiment on the effect 
of molecular weight, the term "PEG" in this study 
means the PEG of molecular weight 20,000. 

The PEG concentration was determined by the 
weight difference before and after removal of water 
from the solution, i.e., about 10 mL of the solution 
in a weighing bottle was first air-dried at  least 2 
days in a throughly ventilated box and was further 
vacuum-dried at  room temperature to avoid decom- 
position of PEG by heat. 

RESULTS AND DISCUSSION 

Cooling and Heating DSC curves 

Figure 1 shows the DSC curves for cooling and heat- 
ing a 10% PEG solution. When the PEG solution 

was cooled from room temperature, a sharp peak at 
about -15°C (peak I)  and, further, a small broad 
peak at  about -25°C (peak 11) were observed. On 
the other hand, on heating from below -5O"C, a 
small broad peak at  about -10°C (peak 11) and, 
further, a large peak at  about 0°C (peak I)  were 
observed. The cooling curve of the PEG solution 
was similar to those of some kinds of cellulose that 
had adsorbed water' and the heating curve was sim- 
ilar to that of a hydrogel? According to Lee et a1.,6 
the peak at the lower temperature side in each curve 
should be attributed to the freezable bound water, 
and the peak at  the higher temperature side in each 
curve, to the free water in hydrogels. The peaks of 
the PEG solution must be identified in analogy with 
those of the hydrogels. There should be three kinds 
of water: free water, freezable bound water, and 
nonfreezing water. It is most plausible that the water 
tightly bound to polymer molecules, the water en- 
closed by the entangled polymer chains, and the 
other water should be assigned to nonfreezing water, 
freezable bound water, and free water, respectively. 

Effect of Molecular Weight on DSC Curve 

The origin of the secondary peak at  the lower tem- 
perature side (peak 11) in the DSC curves can be 
further clarified by taking into account the results 
of PEG with various molecular weights. Figure 2 
shows a series of heating curves of PEG solutions 
with molecular weights of 1000, 4000, and 20,000. 
With decreasing molecular weight, the peak tem- 
perature shifted toward the lower temperature side 
and the peak area decreased. The change with mo- 
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Figure 1 Cooling and heating DSC curves of aqueous PEG solution. 
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Figure 2 Effect of molecular weight of PEG on DSC heating curve. 

lecular weight was greater with lower molecular 
weight. Incidentally, PEG of molecular weight 500 
did not manifest the secondary peak and displayed 
only the main peak at about 0°C. PEG is well known 
to be a very flexible polymer and has a tendency to 
show a random coiled conformation in its aqueous 

pear at a DP between 9 and 18 and the amount of 
the enclosed water increases with increase of mo- 
lecular weight. The shift of the peak temperature 
for peak I1 with molecular weight could suggest some 
changes in molecular conformation in the solution. 

solution. A molecular weight of 500 or 1000 means 
that the degree of polymerization (DP) is about 9 Change of Heat of Fusion with Concentration 

or 18, respectively. These results show that the water 
enclosed by the PEG molecular chain begins to ap- 

The heat of peak I and the total amount of heat 
from peaks I and I1 for PEG solutions ranging from 
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Figure 3 
and freezable bound water. 

Relationship between PEG concentration and the amounta of nonfreezing water 
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Effect of PEG concentration on the peak temperature of peak 11. Figure 4 

% are shown in Figure 3 as the two solid lines. ally with the concentration. Th,; means that t 
The calculated relationship between heat and PEG 
concentration is also provided in Figure 3 as a broken 
line, assuming that all water in the solution was 
freezable and that its heat of fusion is 333 J/g. The 
difference between the two solid lines gave the heat 
from peak I1 and that between the broken line and 
the upper solid line gave the heat corresponding to 
the nonfreezing water. The heat from peak I de- 
creased with an increase in concentration. Concur- 
rently, the heat of peak I1 and the heat correspond- 

ie 
amounts of freezable bound water and nonfreezing 
water linearly increase with a decrease in the amount 
of free water, as concentration increased within the 
range of PEG concentrations tested, i.e., the amount 
of water tightly bound to the polymer chain and 
that enclosed by the entangled polymer chain lin- 
early increase with increase of the concentration. 
Figure 4 shows the change of peak temperature of 
peak I1 with concentration, suggesting that the 
polymer conformation also changes with the con- 

ing to the nonfreezing water increased proportion- centration. 

PEGconccntration. '1. 

Figure 6 Relationship between PEG concentration and heat of freezable bound water. 
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Figure 6 
bound water to that of free water. 

Relationship between PEG concentration and the ratio of heat of freezable 

Determination of PEG Concentration 

Utilizing the proportional relationship between PEG 
concentration and heat of peak I1 detectable using 
DSC, the concentration conversely should be deter- 
mined by the heat of peak 11. Figure 5 shows the 
relationship between heat of peak I1 and PEG con- 
centration. A nearly linear relationship was ob- 
tained. The bottom enlarged figure shows that the 
relationship is slightly concave downward within the 
concentration range 0-3.5%. Further, some scatter 
of the data was found in the enlarged figure. The 
scatter is too large to use the relationship for deter- 
mining the concentration precisely. 

The main cause for the scatter, i.e., experimental 
error, must be the mass determination using a semi- 
microbalance. Error in mass determination is to 
some extent unavoidable in the use of DSC. Con- 
sequently, the heat of peak I1 relative to the heat of 
peak I is considered instead of the heat of peak I1 
itself, i.e., the ratio of heat from peak I1 to that from 
peak I was plotted against the concentration in Fig- 
ure 6. The relationship was nearly linear and faintly 
concave downward. As shown in the bottom enlarged 
figure, scatter of the data was not observed. These 
results showed that the relative value of the heat of 
peak I1 to that of peak I was better than the heat of 

peak I1 for the purpose of concentration determi- 
nation. 

CONCLUSIONS 

DSC cooling and heating curves of aqueous PEG 
solution have two distinctive peaks, which are at- 
tributed to the free water and freezable bound water, 
respectively. The freezable bound water, which 
might consist of the water enclosed by the entangled 
PEG molecular chains, begins to appear at a DP 
between 9 and 18. The amounts of freezable bound 
water and nonfreezing water linearly increase with 
an increase in concentration. The measurement of 
peak area for a PEG solution can give the value of 
the concentration. The ratio of the heat of freezable 
bound water (secondary peak) to that of free water 
(main peak) is better for the purpose of PEG con- 
centration determination. 
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