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Thc glass-forming comp ll ~ iti o n rcgion l1 f thc CaCI 2 - H 2 0 --DMSO system has been established, 
and the glass transition tempera tures of the mixtures have been del ermined as a function of the 
CaCI 2 cOntont at a constant ])I\1S0 mole fraction in the mixed solvent. The depcndence of the 
glass transition temperature on the CaC I2 mole fraction at a constant mole frac tion of DMSO 
in the mixed solvent can be dc .\cribed by a linear relationship. 

In the framework of a systematic study on glass transition temperatures of inorganic 
salt solutions, binary and ternary systems of various salts or their mixtures in water 
and in DMSO have been studied with the aim to assess the influence of the system 
composition on the concentration range of glass-forming ability and on the glass 
transition temperature 1 - 3. One of the results of this study is the find ing that the con­
centration ranges of the glass-forming legions of inorganic salt solutions' ln- water 
and in DMSO differ for most of the systems studied3

. Aqueous solution of calcium 
chlot ide, for instance, is able to form glass in the region from about 5 to 9 mol% 
of the salt, while the system CaClz-DMSO from about 5 to 1811101% CaCI 2 . The 
salt-I ich limit of glass-forming ability is thus considerably higher in DMSO than 
in water. It was therefore of intelest to study how the glass-foI'ming composition 
region would change on gradual replacement of water by dimethylsulphoxide 
in aqueous solutions of calcium chloride. 

Since the mixed solvent water + DMSO has itself the ability to form glass over 
a concentration range from 13 to 4811101% DMSO (ref. 4

), we could also follow the 
effect of calcium chloride addition on the glass-forming ability of the solvent. 

EXPERIMENT AL 

Chemicals Used 

DMSO was Merck analytical grade. Anhydrous CaCl2 was prepared from a commercial product 
by recrystallization and dehydration of crystalline calcium chloride dihydrate through distilla­
tion with xylene5

• 
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Samples for the determinati cn o f gla ss transitio n temperatures wcre prepared by weighing 
required amount s of the sa lt and pipetting calculated amo unts d the mixed so lvent. 

The content of Ca 2 + was checked chelat ometrically. The DI\1S0 c ontent was expressed in terms 

of the mole fraction of DMSO in the mixed solvent: )'DMSO = IIDMSO! (IIDMSO -I- IIH ,O)' 

T he glass tran sition temperature was determined by the lL1w-temperature difTercntial thermal 
analysis; the method and the instrument used ha ve been described elsewhere6 . 

RESULTS AND DISCUSSION 

Glass-forming Compositioll Region 

The experimentally determined glass transition tcmpcratmcs, Tg (K), for v3r.iolts 

compositions of the mixed solvcnt, and calciuJll chloride concentrations, x (Jl1ol~~ 
CaClz)' are given in Table 1. The solvent-r ich (C, mol/~ CaCl z) and sa lt-rich (D, 
mol% CaCl z) limit s of the glass-forming abi lit y at variolts compositions of thc mixed 

solvent , YDMSO' are as follows. 

TABLE I 

Dependence of the glass transition temperature, Tg (K), on the ca lcium chloride concentration, 
x (mol %), in the system CaClrHzO-DMSO at various DMSO mole fraction s in the mixed 
solvent 

x Tg Tg x Tg T g 

--- •. -.-.-~~-.-

YOMSO = 0·05 YDMSO =· 0·2 YOMSO ~~ 0-4 YOMSO = 0·8 

4·1 145-4 0·0 137·9 0·0 142'3 4·9 165·8 
5·1 150·1 1· 8 14(i-4 1·1 145 ·5 6·8 179·3 
6·7 157·2 2'6 151-4 2·1 150·1 10·0 191-3 
8·9 166·2 3·0 154·1 3-4 ISH 13·2 220·1 
9·9 169·4 3-7 158·0 4·0 160·6 16·4 232 ·9 

4·9 163'9 4·7 163-6 16'3 238'6 
4·9 164·8 6·5 173-8 18·6 247 ·5 

5·9 170·9 9'4 195·1 

5'3 162-8 12-2 212-8 

6·8 172-3 15·7 231·0 YOMSO = 0·9 

YOMSO = 0·1 9-6 180·6 6·9 176·9 

2·9 144·7 11·4 199'3 YOMSO = 0 ·6 6·9 178-4 

4-8 151·2 12·5 205·7 4-9 166·0 9·9 193 '3 
7·1 160·8 13·1 207·8 6·8 177·7 13·1 214 '3 

10·2 176·5 13·1 209·8 9·6 193-6 15·8 229'0 
12·8 191·0 14·9 212·4 12·6 216·3 16·1 232'9 

15'3 200·2 15'3 217 ·2 19·4 251 ·6 18·6 239·0 
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YOMSO 0·0 0·05 0·1 0·2 0·4 0·6 0·8 0·9 1·0 
C 5·2 4·1 2·9 0·0 0·0 4·9 4·9 5·5 5·5 
D 8·7 9·9 15·3 15·3 15·7 19·4 18·6 18·6 18·7 

Because of different mechanisms of supercooling and glass formation involved, 
it is preferable to discuss the solvent-rich and salt-rich limits of glass-forming ability 
separately. At the solvent-rich limit of glass-forming ability the supercooling is 
jnfluenced primarily by the small value of the nucleation rate of the solid crystalline 
solvent. In an earlier paper3 this was discussed in terms of a shortage of structural 
entities of unaffected solvent molecules in the solution, due to solvation of calcium 
chloride by an average of 18 solvent molecules. Addition of DMSO into the binary 
system calcium chloride-water gradually lowers the solvent-lich limit which is found 
to be zero at YOM SO = 0·2. This value can be further refined by taking account 
of the work by Rasmussen and Mac Kenzie4 who found that in the system water­
-DMSO glass formation occurs in the region 13·3-48 mol% DMSO. It has been 
assumed that this binary system involves strong association of the two liquids, mani­
festing itself in extreme values found in the concentration dependences of physico­
-chemical properties of mixtures 7 . It may therefore be expected that addition of 
DMSO to aqueous solution of calcium chloride would diminish, through association 
of OMSO with water, the content of unaffected water molecules in the system, re­
sulting in gradual lowering of the solvent-rich limit of glass-forming ability. At 13·3 
mol% OM SO the association with water is already sufficient to prevent virtually 
the nucleation of ice even in the absence of calcium chloride. 

At OMSO concentrations above 48 mol% the system water-DMSO is no longer 
able to form glass. The phase diagram of this system4 shows that starting from 
about 34 mol% OMSO the equilibrium solid phase in this region is crystalline di­
methyl sulphoxide. In the region 34-48 mol% the association of DMSO with water 
should restrict the OM SO nucleation. At higher concentrations the number of DMSO 
entities available is large enough for the formation of nucleation centres. The solvent­
-rich limit in this region is governed by the calcium chloride solvation only and its 
value rapidly increases. 

The salt-rich limit of glass-forming ability in aqueous solutions of calcium chloride 
lies in the region between the eutonic and calcium chloride hexahydrate, the latter 
being the equilibrium solid phase. The glass-forming and supercooling ability thus 
depends upon restricting the nucleation of the crystalline hexahydrate. Addition 
of OM SO to the calcium chloride solutions raises the salt-rich limit of glass-forming 
ability quite substantially. At YOMSO = 0·1 the calcium chloride concentration 
at the salt-rich limit is higher than the composition of hexahydrate. This would imply 
that association of OMSO with water restricts the nucleation of the hexahydrate 
even at a calcium chloride concentration higher than the hexahydrate composition. 
The phase diagrams of the systems CaCI2-DMSO and CaCI 2-OMSO-H20 have not 
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yet been established, and it cannot be ruled out that even at lower DMSO concentra­
tions the equilibrium solid phase in the ternary system is not the calcium chloride 
hexahydrate, but some mixed solvate. This could explain the rise in the salt-rich 
limit above the hexasolvate composition. 

Glass Transition Temperature 

As in previous papers 1
- 3, it has been found that the concentration dependence of the 

glass transition temperature at a constant composition of the mixed solvent, YDMSO, 

can be described, to a first approximation, by the relation 

Tg = A + Bx, (1) 

where Tg is the glass transition temperature (K), A and B are empirical constants, 
and x denotes the mole percent of CaCI 2 . The calculated parameters are as follows. 

YDMSO 0·05 
A 129 
B 4·16 

0·1 

129 
4·67 

0·2 
138 

5·28 

0·4 

138 
6·00 

0·6 
138 

5·95 

0·8 

136 
6·09 

0·9 

140 
5·56 

Eq. (1) is valid only within the glass-forming region. Angell and Sare8 found that 
for binary aqueous systems of many salts linear extrapolations of the concentration 
dependences of glass transition temperature to zero salt concentration yield a value 
of about 139 K, and concluded that the 139 K is true, experimentally inaccessible 
temperature of glass transition of water. Applying this procedure to the concentra­
tion dependence of glass transition temperature for solutions of calcium chloride 
in the mixed solvent water + DMSO of a constant DMSO mole fraction, we should 
arrive at the glass transition temperature of the mixed solvent with the given YDMSO' 

Experimentally determined glass transition temperatures for the water-DMSO system 

are 140 Kat YDMSO = 0·2 and 146 K at YDMSO = 0·4. Comparison with the values 
of A in the above table shows that the values of glass transition temperature obtained 
by extrapolation to zero salt concentration according to Eq. (1) are by 2 and 8 K, 
respectively, lower. This discrepancy may result from the long extrapolation of the 
linear concentration dependence of the glass transition temperature to the region 

of low calcium chloride concentrations. 
The effect of the composition of the mixed solvent on the glass transition tempera­

ture of the system CaCl r H 20-DMSO at various concentrations of the dissolved 
salt can be seen from Fig. 1. Curves 1 and 2 correspond to solutions of calcium chlo­
ride concentrations at which the system forms glass at any composition of the mixed 
solvent. In this region the dependence of the glass transition temperature of the 
ternary mixtures on the mole fraction of DMSO in the mixed solvent at constant 
calcium chloride concentration cannot be described by a linear relationship. 
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Deviations from linearity are found to be positive fe r all H.e calcium chloride 
concentrations (5-9 mol%) at which glass formation occurs in t oth the boundary 
binary systems and in the ternary solutions of any composition of til e mix(d wlvent. 
Maximum positive deviations of 14·5 -] 9·1 K are found at DMSO mole fraction 
in the mixed solvent approaching 0·4. 

Curve 3 in Fig. I represents the dependence of the glass transiti on temperature 
on the composition of the mixed solvent at 12 mol% CaCI 2 , thus in the region where 
the binary mixture CaCI 2- H zO cannot form glass, and where the ternary solutions 
exhibit glass-forming abilityonly when the DMSO concentration in the mixed solvent 
reaches a certai n value, namely YDMSO = 0·1. Thus, deviations from linearity cannot be 
evaluated, but as seen in Fig. 1, the shape of this curve resembles that of curves 1 
and 2, and the maximum value is likewise reached at YDMSO round 0-4. The same beha­
viour has been observed with all solutions of CaClz concentration above 9 mol%. 
As seen in Fig. 2, the deviations of glass transition temperatures from linearity 
become larger as the calcium chloride concentration is increased . 

Comparison with previously studied ternary systems! reveals differences in the 
concentration dependences of the glass transition temperature. For ternary systems 

210 

FIG. 1 

Effect of composition of the mixed solvent 
on glass transition tempera ture in the system 
CaClrH2 0-DMSO. 1 and 2, experi­
mentally found glass transition tempera­
tures at 6 and 9 mol % CaClz• respectively. 
3, glass transition temperatures of the mix­
ture at 12 mol % CaCI 2 . Y DMSO the mole 
fraction of DMSO in the mixed solvent, 
Tg glass transition temperature in K 

20r---~---'---'----~--~ 

K 
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FIG. 2 

Plot of maximum deviations from the linear 
dependence of the glass transition tempera­
ture vs calcium chloride concentration in the 
system CaCl r H 2 0-DMSO. x mole frac­
tion of CaClz. The value at x = 0 has been 
taken from ref. 4 
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of the type two salt s + wa ter, the glass transiti on ttJllpera ture is an additi ve prc ­

perly of the componcnts, so that it ca n be predicted o n the basis of known proper­

ti es of the binary systems. Such a predicti on is imposs iblc fo r the system under study , 

which invo lves a sal t + two so lvent s. 
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