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bstract

Glass formation/crystallization phenomena were studied in water and glycerol mixtures using adiabatic calorimetry. The sample was cooled
apidly from room temperature and its thermal response was followed on heating from 80 to 300 K. The binary mixtures with the glycerol contents
ore than 55% (w/w) (19 mol%) yielded the homogeneous glassy states, consisting of randomly mixed water and glycerol molecules. Their glass

ransition temperatures showed the composition dependence of the Gordon–Taylor equation, and extrapolated exactly to that of pure water (135 K).
he mixtures in the 0–55% (w/w) glycerol range crystallized partly on cooling and exhibited three anomalies in the temperature drift rate on
eating. The first of these three is associated with the onset of reorientational motions of water molecules in the hexagonal ice which increases
rom 107 to 120 K on increasing the glycerol composition. The second is the composition independent temperature of 164 K that corresponds to
he mixture with 76% (w/w) glycerol (38 mol%, known as the maximally freeze-concentrated solution), which is the mixture with the maximum
omposition of water that can be cooled without crystallization. The third is associated with the ice crystallization followed by ice dissolution in

he range 185–202 K. In addition, the sample with 60% (w/w) glycerol composition (23 mol%) exhibited two distinguishable exothermic peaks on
eating. The initial one is large and is attributed to crystallization into a novel two-dimensionally ordered structure of ice, and the second is due to
he transformation of the layered structures into the hexagonal ice.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The supercooled states of glycerol and water are among the
ost important for both fundamental science and practical appli-

ations. The former is often used for fundamental studies of the
lassy and supercooled states because of its good glass form-
ng ability, which makes it very suitable for long time studies
f the supercooled liquid state. Glycerol is also very useful for
he pharmaceutical and food industry as well as the cosmetic
ndustry. This is mainly because of its demulcent, antifreeze
nd emollient properties. The crystallization kinetics of water is

n striking contrast to that of glycerol. In a bulky sample, one

ust add antifreezing agents to avoid crystallization and histori-
ally glycerol was used for that purpose in e.g. radiators of cars.

� Contribution No. 104 from the Research Center for Molecular Thermody-
amics.
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ven if this is normally not the case now, mixtures of water and
lycerol occur much more frequently nowadays than in the past
ecause of the various improvement of properties obtained by
dding glycerol in water containing products.

Without the use of antifreezing agents, it is virtually impossi-
le to cool bulky water rapidly enough to avoid crystallization.
n order to obtain the glassy state by cooling, one must either
se vapour condensation onto a substrate which is kept near liq-
id nitrogen temperatures or quench micron-sized droplets of
ater. This difficulty to obtain and study the supercooled state
f liquid water has resulted in substantial differences in reported
roperties of the supercooled state and has lead to speculations
f water’s behaviour in its supercooled state. For example, the
uring long time accepted glass transition temperature Tg for
ater has become disputed. Using differential thermal analysis
ith a heating rate of 20 K min−1, McMillan and Los [1] found

g = 139 K for amorphous solid water (ASW) formed by vapour
eposition onto a cold surface. A few years later, Sugisaki et al.
2] obtained Tg = 135 K for ASW using adiabatic calorimetry.
The heating rate was not given but it is typically ∼0.1 K min−1

mailto:inaba@chem.sci.osaka-u.ac.jp
dx.doi.org/10.1016/j.tca.2007.01.008
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Fig. 1. Temperature drift rate as a function of temperature on heating with an
average rate of ∼0.08 K min−1 for samples with increasing mass fraction glyc-
erol in the range 60–90% (w/w). The large exothermic peak for the sample with
60% (w/w) glycerol is due to crystallization. (The curves have been shifted ver-
tically for clarity.) The inset shows the double peak in the drift rate for a sample
of 60% (w/w) glycerol, which agree well with previous results of an initial crys-
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n adiabatic calorimetry.) Subsequently, results close to these
ere also found in other studies, e.g. the study of Hallbrucker

t al. [3] using differential scanning calorimetry (DSC). More-
ver, it has been shown that after heating of ASW from 77 to
13 K in vacuum (annealed ASW), the resulting state is indistin-
uishable from hyperquenched water droplets HQW [3,4] and,
onsequently, that annealed ASW and HQW are most likely
dentical states. For example, HQW and ASW have the same Tg,
nd both states will here be refereed to simply as ASW. (DSC
ields Tg = 136 K for HQW using a heating rate of 10 K min−1

5].) However, the value for Tg of ASW has been questioned and
he significantly higher value of Tg = 165 K was recently sug-
ested [6–8]. It was argued [6,7] that glasses which form only
y extreme rapid quenching normally exhibit crystallization on
eheating before the relaxation rate is low enough to see the heat
apacity jump associated with the glass transition. The result
f Tg = 135 K obtained by extrapolations of Tg of homogenous
ixtures of water and other substances has been dismissed on

he basis that these substances have not had water-like hydrogen
onding capacity [8]. Using water mixed with 50 vol.% or more
ropylene glycol, which was considered as having such prop-
rty, yielded values for Tg of about 165 K by long extrapolation
8]. This result provides one of few experimental evidences that
g could be significantly higher than 135 K.

Here we report a study of the fundamentally important binary
tate diagram using adiabatic calorimetry and, in particular, the
lass transition behaviour for glycerol/water mixtures. Using
he same model for water mixed with glycerol as that used for
ater and propylene glycol mixtures [8], yields Tg values for the
omogeneous mixtures that extrapolates exactly to the experi-
entally determined value for Tg of ASW [1–3,5], i.e. 135 K

s observed in many other investigations. Moreover, we find
hat the Tg associated with the reorientational motion of H2O-

olecules in hexagonal ice is affected by even small amount of
lycerol. We also discuss our results in terms of the different sug-
estions for explaining the many glass-like anomalies observed
or glycerol/water mixtures which crystallize on cooling.

. Experimental

The sample of glycerol obtained from Aldrich (99.5% purity)
as mixed with water purified by using Milli-Q® Ultrapure
ater Systems, which was degassed and loaded in a calorimet-

ic cell with an internal volume of about 2.8 cm3. It was sealed
ith helium gas to aid thermal equilibrium. The cell was trans-

erred to an adiabatic calorimeter, which has been described
efore [9], employing a mechanical switch to cool the sample
ithout using heat exchange gas in the cryostat. The tempera-

ure was measured using a rhodium–iron resistance thermometer
alibrated on the ITS-90, an internationally accepted tempera-
ure scale. At each composition, the mixture was quenched at the
astest possible rate, which varied with temperature. The cooling

ate was ∼10 K min−1 at 250 K and it decreased to ∼2 K min−1

ear 100 K. The glass transition temperatures for the observed
nomalies were taken as the temperatures where the drift rate
hanged from positive to negative values.

f
T
t
fi

allization into a two-dimensionally ordered structure and a subsequent further
ransformation into hexagonal ice.

. Results and discussion

Fig. 1 shows typical results for the temperature drift rate
n heating the samples with glycerol fractions larger than 60%
w/w) (23 mol%). The samples had been cooled with an average
ate of ∼5 K min−1 and the temperature of the sample, which
as monitored, showed no signs of crystallization during cool-

ng. For samples with glycerol fractions larger than 60% (w/w),
he cooling and heating rates were sufficient to avoid crystal-
ization. For a sample with 60% (w/w) glycerol, the cooling rate
as sufficient to avoid crystallization on cooling but the sample

rystallized on heating, yielding the large peak in the drift rate
ith at about 190 K.
As can be seen in Fig. 1, only one glass transition occurred

n heating, labelled Tg,homogeneous. Consequently, the quenched
ample was homogeneous in this composition range, and the
lass transition pertains to a random mixture of glycerol
nd water. The glass transition temperature Tg extrapolate, at
ecreasing water content, to that obtained for pure glycerol
sing adiabatic calorimetry Tg = 184 K [10]. Moreover, the val-
es for Tg approach that for pure water (Tg = 135 K [2]) with
ncreasing water content. The behaviour agrees with the find-
ng by Harran [11] using DSC, but our values for Tg are about
0 K lower, which is due to the use of different heating rates
f 20 K min−1 in the work of Harran [11] and 0.08 K min−1

n this work. We cannot, of course, rule out the possibility
hat Tg versus composition drastically changes behaviour and
ncreases significantly on further increase of the water con-
ent, but there are no indications of that up to a water fraction
f 80% (w/w) [11]. Instead the values extrapolate well to
he temperature where the heat capacity anomaly is observed
or pure water. A fit of the Gordon–Taylor equation [12]:

g(x) = [Tg,glycerolx + Tg,waterk(1 − x)]/[x + k(1 − x)], where x is

he glycerol mass fraction, Tg,glycerol = 184 K [10], and k is a
tting parameter, yields Tg,water = 135.5 K with a standard error
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Fig. 2. Temperature drift rate as a function of temperature on heating with an
average rate of ∼0.08 K min−1 for samples with increasing mass fraction glyc-
erol in the range 0–55% (w/w). At least two glass transitions can be observed,
which are associated with the protons of H2O (Tg,proton) and the maximally
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f 0.9 K. That is, the result is in excellent agreement with the
lass transition anomaly observed for pure water but differ sig-
ificantly from the result obtained using the same approach on
ater mixed with propylene glycol [8]. We can conclude that

t would be an odd coincidence if the heat capacity anomaly
bserved for ASW at 135 K would not be due to Tg despite that
ost binary aqueous mixtures yield a Tg that extrapolate well to

his anomaly within the observable composition range, and that
lso other experimental work yield the same result for Tg.

In the present work we cannot determine the nature of the
rystals formed at crystallization, which normally occurred for
amples with glycerol content less than 60% (w/w). How-
ver, a neutron scattering study of a water solution with 55%
w/w) glycerol (19 mol%), has revealed that the crystallization
roceeds in two well-distinguished steps and that the initial
rystallization yields a novel two-dimensionally ordered ice
tructure [13,14]. This structure forms at about 188 K after
eating of the quenched liquid from below the glass transi-
ion temperature. The structure is stable until the temperature
s raised further to 208 K, where hexagonal ice is formed. The
esults obtained here for a sample of 60% (w/w) glycerol shows
discontinuity in the heat capacity data and the temperature

rift rate shows a large increase at about 185 K (see inset in
ig. 1). This temperature agrees reasonably well with that where

he formation of the two-dimensionally ordered structure was
bserved in the neutron scattering study. As shown in the inset
n Fig. 1, a small peak in the temperature drift rate can also
e observed just above the large peak. The onset temperature
s ∼215 K, i.e. somewhat higher than the temperature where a
hange could be observed in neutron scattering spectra. How-
ver, since the crystallization occurs for a metastable state, the
iscrepancies in temperatures are likely caused by differences in
eating rates, sample sizes and compositions. Consequently, the
wo peaks are presumably due to an initial crystallization into a
wo-dimensionally ordered structure and, subsequently, further
ransformation into hexagonal ice. Thus, the formation of a two-
imensional ordered structure is associated with large enthalpy
nd entropy changes, whereas those of the further ordering pro-
ess into the ice Ih structure are significantly smaller.

In the present study, it was difficult to cool rapidly enough
o avoid crystallization for a 55% (w/w) glycerol sample. How-
ver, in one run, the temperature drift rate data exhibited only
ne glass transition anomaly on heating, which corresponds to
he homogeneous glass transition, indicating that the sample did
ot crystallize on cooling (not shown in a figure). On further
eating, the sample crystallized at about 171 K and there was
o second peak in the temperature drift rate above this tempera-
ure. This significant difference in the crystallization behaviour
s compared to the 60% (w/w) glycerol sample and that reported
reviously [13] can be attributed to the formation of hexagonal
ce nuclei on cooling. This would explain the lower crystalliza-
ion temperature as well as the lack of a second peak. That is,
n this case the sample crystallized directly into ice Ih, and it

ccurred at a lower temperature than the 60% (w/w) glycerol
ample due to the presence of hexagonal ice nuclei.

Fig. 2 shows results for the mixtures with glycerol content
ess than 55% (w/w). For these mixtures, the increasing tendency

i
b
f
c

reeze-concentrated solution (T ′
g), respectively. The drift rate anomaly at high

emperatures (TA) is presumably associated with ice crystallization followed by
ce dissolution.

or crystallization brought about by the larger water content pre-
ented supercooling of the homogeneous liquid to below the
lass transition temperature. That is, the cooling rate set by the
ombined heat capacity of our sample and the sample cell and
he limited thermal diffusivity was insufficient to avoid crystal-
ization. The temperature of the sample during cooling showed
significant change in the cooling rate at about 20 K below the
elting temperature. With the cooling rate used here, samples

n the range 55–60% (w/w) glycerol could be supercooled to
ield the homogeneous glass, but could also crystallize partly
n cooling or the subsequent heating. For the partly crystal-
ized samples, which crystallized either directly on cooling (i.e.
amples with 55% (w/w) or less glycerol content) or after heat-
ng up to about 200 K, a subsequent heating from about 80 K
ielded three anomalies in the temperature drift rate at about:
15, 164 and 200 K, with a slight variation with composition.
hese anomalies all have drift rate characteristics typical for
lass transitions.

The low-temperature anomaly (∼115 K) occurs also for pure
ater, and since it occurs only for glycerol/water mixtures that
ave crystallized, these results show that it must be associ-
ted with a motion present in the tetrahedrally co-ordinated
ydrogen-bonded structure of ice Ih. On each of the four hydro-
en bonds there are two proton sites, and these are occupied
ccording to the rules that there are two protons adjacent to
ach oxygen and that only one proton is located on each bond,
hich are referred to as the “ice rules” [15]. This preserves the
ater molecule but allows also for disorder in the orientation
f the molecules or, equivalently, proton disorder. The anomaly
s therefore confidently ascribed to the onset of the reorienta-
ional motion of H2O or proton jumps in hexagonal ice on the
ime-scale of the adiabatic measurements. It is labelled Tg,proton

n Fig. 2, and it occurs at about 106 K for a sample that has not
een annealed [16]. The results here show that Tg,proton increases
rom 107 to 114 K by adding 5% (w/w) glycerol (1 mol%), which
orresponds to only 1 glycerol molecule in 100 water molecules.
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Fig. 3. The step in the heat capacity at the three drift rate anomalies for samples
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n further increase of glycerol content, Tg,proton is less strongly
ffected but increases slightly and is about 120 K for a sample of
5% (w/w) glycerol. Since Tg,proton is somewhat dependent on
he thermal history near Tg,proton, the change of Tg with compo-
ition could be due to different cooling rates caused by different
rystallization behaviour and therefore indirectly caused by
hanging glycerol content. However, the cooling rate did not
hange with glycerol content in the important range 90–115 K,
here annealing affects the transition behaviour. Moreover, the

hange of Tg,proton with composition is too large to be explained
y the small differences in thermal history. Therefore, it must
e due to a direct effect of glycerol. It is well known that the
eorientational relaxation time for the H2O-molecules can be
hanged by doping. Small amount of KOH (∼10−4 mole frac-
ion) increases the relaxation rate by introducing lattice defects
hat relaxes the ice rules [17]. In this case, glycerol has appar-
ntly the opposite effect and decreases the reorientational rate
nd, as a consequence, Tg,proton increases. A hypothesis is that the
nteraction between glycerol- and H2O-molecules decreases the
ossibility for reorientational motions of the latter, which could
eside at the ice crystal surface. Reorientational restrictions of
urface molecules, which normally have a higher mobility than
ulk molecules, will decrease the reorientational rate also of the
2O-molecules in the bulk as the reorientations of these are

estricted by the ice rules. As a consequence, Tg,proton increases
ignificantly until the mobility of most of the surface molecules
re restricted by the interactions with glycerol molecules.

On further heating, two more glass-like anomalies are
bserved above 150 K in the range 0–55% (w/w) glycerol con-
ent (Fig. 2). These are likely due to Tg of the maximally
reeze-concentrated solution at ∼164 K, i.e. the concentration
ith the maximum amount of water that can be cooled slowly
ithout crystallization, and ice crystallization followed by ice
issolution in the range 185–202 K [11,18,19], respectively.
hese interpretations are, however, disputed and we shall dis-
uss also the proposal of yet another glass transition in the range
85–202 K.

The Cp step at the transition at 164 K increases as the con-
entration of glycerol increases (Fig. 3(b)) and Tg agrees with
g,homogeneous for compositions slightly above the eutectic mix-

ure. The former result shows that an increasing amount of the
ample is involved in the glass transition, and this correlates
ell with that an increasing amount of the sample can form
glassy state of the maximally freeze-concentrated solution,

ielding a Tg in this vicinity. As the crystallization into ice Ih
annot be prevented for low glycerol concentrations, the com-
osition of the liquid part should follow the melting curve and
nally reach that for the eutectic mixture as more and more

ce crystals precipitates from the solution. The eutectic com-
osition is 66.7% (w/w) glycerol (28% mole fraction) and the
utectic temperature is 226.5 K [20]. On further cooling, the ice
rystallization will proceed and the liquid part becomes super-
ooled. Ultimately the liquid part will vitrify and the glycerol
oncentration of the vitrified liquid will exceed that of the eutec-

ic mixture. If the process follows the extrapolated liquidus (or

elting) curve, then the vitrified liquid will have the composition
f the maximally freeze-concentrated solution C′

g, which con-

m
w
(

ith glycerol content in the range 10–55% (w/w). A second-order polynomial
as fitted to the data below Tg and subtracted from the data to show the step in

p at Tg more clearly.

equently is the concentration at the intersection of the melting
urve and the Tg,homogeneous curve. A glass transition temper-
ture of 164 K corresponds to a composition of ∼76% (w/w)
38 mol%) according to the results for Tg,homogeneous (see Fig. 4),
hereas an extrapolation of the melting line using a second-
rder polynomial fitted to the melting temperatures yield as
igh value as 89% (w/w) (61 mol%). Using the same procedure,
blett et al. [18] obtained 80% (w/w) (44 mol%). The latter

xtrapolation procedure is uncertain and even if it is unlikely
hat the sample would exactly follow the extrapolated melt-
ng curve down to the glass transition temperature, it seems
s a better procedure to use the former data to establish C′

g
nd T ′

g, which yield T ′
g = 164 K and C′

g = 76% (w/w). The max-
mally freeze-concentrated solution of 76% (w/w) corresponds
o a glycerol molar concentration of 38%. It follows that 1.6
ater molecules are, in average, associated with each glycerol
olecule. Padró et al. [21] have used molecular dynamics cal-

ulations to calculate the hydrogen bonding statistics and found
.3 and 5.7 hydrogen bonds per molecule in average for H2O
nd glycerol, respectively. Consequently, a composition of 1.7
2O-molecules per glycerol molecule (5.7/3.3) would be the
olecules should be associated with a hydrogen bond on a
ater molecule. This yields a concentration of ∼75% (w/w)

37 mol%), which is in excellent agreement with the compo-
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Fig. 4. The glass and melting transition temperatures as a function of glycerol
content. The solid lines represent spline fits and the dashed lines represent tenta-
tive extrapolations using the Gordon–Taylor equation [12] for the glass transition
curve, a second-order polynomial for the melting curve and a linear fit of the data
for T ′

g. The dots are data of Harran [11] for Tg on heating at rate 20 K min−1using
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he pure components [2,10]. Open triangles are data of Lane [20].

ition of the maximally freeze-concentrated solution. Thus this
eems to be the energetically most favourable glassy complex of
ater and glycerol. An even more glycerol rich state than 76%

w/w) might be formed using slow cooling, which is indicated by
he extrapolation of the liquidus curve to higher concentrations
f glycerol as Tg,homogeneous decreases with decreasing cooling
ate.

It remains to establish the nature of the high temperature
nomaly in the range 185–202 K, which is here labelled TA.
ince it occurs above Tg of pure glycerol, it cannot be due to
g of the maximally freeze-concentrated solution. The similar
nomalies that occurs in ethylene glycol [22], sucrose [23] and
rehalose [24] have been attributed to a second glass transition
ue to a non-homogeneous glass formation upon rapid cooling.
hat is, in those cases the sample must become inhomogeneous
n a mesoscopic scale during cooling. This possibility explains
ell the experimental data of aqueous sucrose solutions and
as been suggested also for glycerol aqueous solutions [25].
he results for aqueous sucrose solutions, which are observed
fter various thermal treatments, have been discussed in detail
y Goff et al. [23]. Briefly, two glass transitions arise if the
ultra viscous) liquid part of the sample becomes inhomoge-
eous on cooling just above the vitrification temperature. This

esults in a sucrose rich part, in the form of inclusions in the
ce crystals, which will have a higher Tg than the bulk glass,
hich has somewhat higher water concentration. (The occur-

ence of the Tg in the sucrose rich part has also been associated

m
d
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a
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ith a concomitant onset of ice dissolution.) However, this
xplanation is unlikely correct for the glycerol/water system
s the high temperature anomaly can be 17 K above Tg for
ure glycerol, and not below as in the water/sucrose system.
onsequently, for the glycerol/water system, this explanation
resumably requires that micron-sized inclusions of pure glyc-
rol are formed and that the interaction with the surrounding ice
rystals can significantly increase the Tg of the domains, which
eems unrealistic.

Recently, both DSC and dielectric spectroscopy have been
sed to study the phase and glass transitions as well as the
elaxation behaviour above 150 K for glycerol/water mixtures
26–29]. The behaviour was studied from “water rich” [26] to
glycerol rich” [27] mixtures. In the glycerol rich range, which
ontain more than ∼77% (w/w) glycerol (40 mol%), only one
ain relaxation process was observed [27]. This is in correspon-

ence with previous DSC results [11] and the results obtained
ere, which yield a single glass transition anomaly. That is, in this
ange, the mixtures become easily supercooled homogeneous
iquids. For water rich mixtures, which yields partial crystalliza-
ion on cooling, the spectrum in the range 1 Hz–250 MHz shows
hree dielectric relaxation processes at 218 K [26,28]. These
ere associated with the mesoscopic glycerol–water domains
f maximum freeze-concentrated composition, pure water, and
nterfacial water, respectively [26]. The dielectric results thus
ndicate that three glass transitions, as observed here, could be
isible in calorimetric data. As described above, two of these are
onfidently identified in the calorimetric data, and only the one
ssociated with interfacial water remains. However, the relax-
tion time for the process is shorter than 10 ms at 180 K [26],
hich precludes that it could cause a glass transition at ∼200 K.

n fact, extrapolation to low temperatures indicates that its glass
ransition should occur below the temperature range studied
ere.

On the basis of the available data for the glycerol/water
ystem only, we can conclude that the origin of the high tem-
erature anomaly described by Ablett et al. [18], seems most
robable. It has been shown that cold crystallization occurs near
his temperature for a quenched amorphous sample [13], and
herefore that a supplementary crystallization is likely to occur
pon heating of a rapidly cooled, and partly crystallized, sam-
le. This also shows that the mobility of the water molecules
s large so that ice dissolution, following the (extrapolated)
quilibrium melting line should become feasible upon further
eating. This picture requires that the equilibrium melting line
s not followed down to the vitrification temperature on cooling,
ut it does not require a non-homogeneous glass. After a sup-
lementary crystallization on heating, the sample would adopt
he energetically favoured state on the extrapolated equilibrium

elting line, and dissolution would be energetically favoured
n further heating. (It should be noted that the most stable state
equires that glycerol crystallizes, but it does not occur due to
he vanishingly small nucleation rate.) This explanation seems
ost reasonable for the glycerol/water system, and in a recent
etailed study of the sucrose/water system, Schawe [30] has
oncluded the same on the basis of convincing thermodynamic
rguments.
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. Conclusions

Water–glycerol mixtures show a complex glass transition
ehaviour for compositions in the range 0–55% (w/w) fraction
lycerol that crystallizes partly on cooling. In this composition
ange, three glass transition-like anomalies occur on heating
rom 80 K. A low-temperature anomaly at about 115 K is due
o the reorientational motion of the H2O-molecules in hexag-
nal ice. The associated glass transition temperature increases
K by adding 5% (w/w) glycerol (1 mol%), indicating that the
lycerol molecules decreases the reorientational rate of the near-
st neighbour H2O-molecules. Due to the ice rules this has
strong effect also on ice molecules in the bulk. On further

eating, the vitrified liquid of maximally freeze-concentrated
olution exhibits a glass transition at about 164 K. Its composi-
ion (C3H8O3:H2O = 1:1.6) indicates that each hydrogen bond
n the glycerol molecules is associated with one on a water
olecule. A third anomaly in the temperature drift rate and a

tep increase the heat capacity occurs at ∼200 K, and it is most
ikely due to cold crystallization followed by ice dissolution, but
third glass transition cannot be completely ruled out.

The crystallization kinetics for a sample that could be cooled
apidly enough to avoid crystallization on cooling but crys-
allized on heating (samples with compositions ∼60% (w/w)
lycerol) agrees with that found in previous studies of the struc-
ure [13,14]. The results show that the crystallization proceeds in
wo clearly distinguished steps, where the first step is associated
ith a large enthalpy change, and is attributable to crystallization

nto a two-dimensionally ordered structure. On further heating
his structure transforms gradually into hexagonal ice, with only
small associated enthalpy of transformation.

The results for the glass transition temperature of the
omogeneous glass of randomly mixed glycerol and water
olecules extrapolates exactly to the experimentally deter-
ined glass transition temperature of 135 K for amorphous solid
ater (hyperquenched liquid water or water vapour) using the

ordon–Taylor equation [12]. This finding corroborates results
f most experimental studies of the glass transition for amor-
hous solid water [4] but is in disagreement with a recent
eduction [6–8].
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21] J.A. Padró, L. Saiz, E. Guàrdia, J. Mol. Struct. 416 (1997) 243.
22] C. Gau, G.-Y. Zhou, Y. Xu, T.-C. Hua, Thermochim. Acta 435 (2005)

38.
23] H.D. Goff, E. Verespej, D. Jermann, Thermochim. Acta 399 (2003) 43.
24] A. Pyne, R. Surana, R. Suryanarayanan, Thermochim. Acta 405 (2003)

225.
25] H. Levine, L. Slade, J. Chem. Soc. Faraday Trans. 84 (1988) 2619.
26] Y. Hayashi, A. Puzenko, I. Balin, Y.E. Ryabov, Y. Feldman, J. Phys. Chem.

B 109 (2005) 9174.
27] A. Puzenko, Y. Hayashi, Y.E. Ryabov, I. Balin, Y. Feldman, U. Kaatze, R.
Behrends, J. Phys. Chem. B 109 (2005) 6031.
28] Y. Hayashi, A. Puzenko, Y. Feldman, J. Phys. Chem. B 109 (2005) 16979.
29] S. Sudo, M. Shimomura, N. Shinyashiki, S. Yagihara, J. Non-Cryst. Solids

307–310 (2002) 356.
30] J.E.K. Schawe, Thermochim. Acta 451 (2006) 115.


	Multiple glass transitions and two step crystallization for the binary system of water and glycerol
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgment
	References


