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Purpose. To address the lack of fundamental thermophysical data for
trehalose and its aqueous systems by measuring equilibrium and non-
equilibrium properties of such systems.

Methods/Results. Differential scanning calorimetry (DSC) and
dynamic mechanical analysis were used to measure glass transition
temperatures of trehalose and its solutions. X-ray diffractometry was
used to verify the structure of amorphous trehalose. Controlled-stress
rheometry was used to measure viscosity of several aqueous trehalose
systems at ambient and sub-ambient temperatures. Over this tempera-
ture range, the density of these solutions was also measured with a
vibrating tube densimeter. The equilibrium phase diagram of aqueous
trehalose was determined by measuring the solubility and freezing
point depression.

Conclusions. Our solubility measurements, which have allowed long
times for attainment of chemical equilibrium, are substantially different
from those reported earlier that used different techniques. Our measure-
ments of the glass transition temperature of trehalose are higher than
reported values. A simple model for the glass transition is presented
to describe our experimental observations.

KEY WORDS: trehalose; phase diagram; glass transition; viscosity;
molar volume; cryoprotection.

INTRODUCTION

In recent years, aqueous solutions of trehalose have
received considerable attention. Trehalose (a-D-glucopyrano-
syl-a-D-glucopyranoside) is a non-reducing disaccharide of
glucose found in several organisms that are able to survive
drying (1). The prevalence of trehalose in living organisms that
can survive long periods of drought, termed “anhydrobiosis”,
suggests that trehalose is a particularly effective desiccation
protectant. Its ability to protect cells from freezing injury has
been widely demonstrated (2,3). Among saccharides, trehalose
is particularly effective in terms of its ability to preserve and
maintain activity of biomolecules (4); it has been shown to
protect various proteins, viruses and antibodies during drying
(5,6,7). Its capacity to preserve the contents and structure of
liposomes has also been demonstrated (8).

Despite its importance in cryopreservation and desiccation
protection, the properties that make trehalose an effective pro-
tective agent are still poorly understood. There are several
hypotheses that attempt to explain why trehalose is particularly
effective, none of which completely accounts for experimental
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observations. Some “theories” are based upon the interaction
of trehalose with biological structures, while others are based
solely upon the interaction of trehalose with water and the
thermophysical properties of its aqueous solutions. On one
hand, Green and Angell (9) have proposed that the higher
glass transition temperature (T,) of the trehalose/water system
(compared to that of other glass-forming mono- and disaccha-
rides) could be responsible for its superior protective properties.
Further, they have shown that there is a strong correlation
between the protective ability of protective agents and their
glass transition temperatures. On the other hand, Crowe and
coworkers (10) have noted that vitrification is not sufficient
for preservation. Vitrification alone does not explain, for exam-
ple, why another carbohydrate, dextran, which has a signifi-
cantly higher glass transition temperature than trehalose, is a
much less effective cryoprotectant than trehalose.

Crowe and coworkers (4) compiled crystallographic data
for several carbohydrates in an attempt to identify correlations
between effectiveness at stabilizing membranes and the number
and type of hydroxyl groups of the carbohydrate. They found
no clear relationship between the effectiveness of the carbohy-
drate and any of the parameters studied. Unfortunately, these
authors had to use the crystal structure as the basis of their
investigation since the conformation of the carbohydrate near
the membrane was not known. Microscopic arguments for treha-
lose’s effectiveness, based on molecular simulation studies, are
inconclusive; much work is needed in that area (11,12).

The idea that trehalose stabilizes biological structures in
the absence of water was first proposed by Crowe (13). This
idea is an extension of a hypothesis to describe the protective
properties of inositol, which was first proposed by Webb (14).
The so-called water replacement hypothesis asserts that treha-
lose hydrogen bonds with the polar headgroups of the lipids
that constitute biomembranes. As the system is dried or frozen,
these interactions replace those of the water of hydration at
the membrane-fluid interface. This helps maintain membrane
headgroups at their hydrated spacing (12). The presence of
these stabilizing interactions is further supported by findings
from calorimetry and NMR spectroscopy of membrane vesicles.
Crowe et al. (15) found that trehalose prevented phase separa-
tion of membrane components during drying and phase transi-
tions during rehydration. Additional findings from heat of
solution calorimetry (16) support this concept by inferring
hydration numbers for various saccharides in solution. Treha-
lose was reported to be the most effective hydrogen bond donor
among the three disaccharides: trehalose, maltose and sucrose.
Note that raffinose, a trisaccharide, was found to be an even
more effective hydrogen bond donor than all the others; it is,
however, a less effective protective agent than the others (5).

More recently, Aldous and coworkers (17) have suggested
that the ability to crystallize a stoichiometric hydrate from the
amorphous “phase” lends exceptional stabilization properties
to certain carbohydrates often used in lyophilization. This stabi-
lization occurs during long-term storage, where the presence
of low concentrations of water is inevitable. In this case, they
suggest that the amorphous saccharide is stabilized by incorpo-
ration of trace amounts of water into the crystalline dihydrate
rather than into the amorphous phase. This prevents water from
acting as a plasticizer of the amorphous phase, which would
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lead to a decrease of T,. However, the rates of both the crystalli-
zation of the hydrate and the migration of water in such concen-
trated “solutions” have not been examined in detail. Although
such processes are thermodynamically favorable, they are kinet-
ically inhibited due to low molecular mobility in the amor-
phous “phase”.

Jasra and Ahluwalia (18) have measured the heat of solu-
tion at infinite dilution for several carbohydrates. Interestingly,
we notice that for the disaccharides studied, the magnitude
of the heat of solution follows the sequence of the relative
effectiveness for preserving biological membranes as reported
by Crowe et al. (4): trehalose dihydrate, lactose monohydrate,
maltose monohydrate, cellobiose, and sucrose. This suggests,
but does not prove, a relationship between protective ability
and the molecular processes that contribute to the heat of solu-
tion. The heat of solution of the crystalline dihydrate depends
on the stability of the crystal structure. From an energetic stand-
point, the energy required to remove the water molecules from
the crystal structure gives rise to a large positive heat of solution.
In an effort to examine the interaction between amorphous
saccharides and water, we are currently measuring the heat of
solution of the amorphous forms of the above carbohydrates.

Given the many unanswered questions regarding treha-
lose’s “special” properties, the scarcity of fundamental data in
the literature is surprising. Slade and Levine (19) have stated
that there is a lack of data for concentrated aqueous solutions
of many small carbohydrates, which are of utmost importance
in biological and industrial pharmaceutical applications. Data
in the dilute regime abound in the literature. These data include

the enthalpy of dilution (16), enthalpy of solution (18), the .

intrinsic viscosity and Huggins (k') parameters (20,21), and
partial molar volume (22-25) of trehalose solutions. Studies
in this concentration range provide information about solute-
solvent interactions; however, concentrations where solute-sol-
ute interactions become important have been largely ignored.

Considering the state of affairs for the trehalose/water
system, it is no surprise that ternary systems have been mostly
ignored in the literature. The importance of electrolytes in bio-
logical systems is undeniable. However, the only reported study
(26) of the effects of an electrolyte added to the trehalose/water
system is for a freeze-concentrated system. To the best of our
knowledge, there have been no other studies of the effect of salts
on the T, of homogeneous trehalose systems. The temperature
dependence of molar volume, which ultimately determines the
glass transition temperature, of supercooled trehalose solutions
has not been measured before. Also, the solubility of trehalose
in water has not been measured using methods that allow suffi-
ciently long times to attain chemical equilibrium.

We address these deficiencies by presenting a systematic
study of the thermophysical properties of trehalose and its
aqueous solutions. These data include non-equilibrium proper-
ties such as the temperature dependence of both the density
and dynamic viscosity of supercooled systems. These viscosity
data are used to assess the fragility of several trehalose/water
mixtures. The greatest utility of viscometric and volumetric
data lies in their use in models to predict the glass transition
temperature. This relationship is natural, since many models
view the glass transition as either a free volume phenomenon
or an isoviscosity state. We present a simple model for pre-
dicting T, and compare its results to measured values.
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We have also measured the glass transition temperature
of several trehalose/water mixtures ranging from 60wt% treha-
lose to dry, amorphous trehalose. These measurements were
performed using two different techniques: differential scanning
calorimetry (DSC) and dynamic mechanical analysis (DMA).
Shalaev and Franks (27) have discussed the differences between
the T, values obtained by both methods, using fructose and
sucrose as glass-forming liquids. The use of two independent
techniques serves to validate the T, results presented in this
work. Previously, a wide range of glass transition temperatures
of amorphous trehalose have been reported (midpoint of transi-
tion): 79°C (9); 107°C (28); 115°C (29). This scattering
prompted us to prepare amorphous trehalose samples and calori-
metrically measure T,. We have verified that the structure was
indeed amorphous by using X-ray diffraction at temperatures
just below the measured T,.

We present the solid-liquid equilibrium phase diagram of
trehalose/water mixtures. Green and Angell (9) have determined
such a phase diagram by DSC. More recently, Nicolajsen and
Hvidt (26) reported the solubility of trehalose in water deter-
mined by measuring the temperature at which trehalose precipi-
tates when a saturated solution is cooled. Despite the good
agreement between these two groups of authors, we noticed in
preliminary assays that the solubility of trehalose dihydrate
at room temperature was much lower than that estimated by
interpolating the results of the aforementioned authors. That
prompted us to measure the solubility in experiments in which
a long time (days) of equilibration between the solid and solu-
tion was allowed to avoid supersaturation or undersaturation.
The results of these measurements differ markedly from litera-
ture data.

We have also investigated the effects of a third component
on the glass transition and ice recrystallization temperatures of
trehalose solutions. In particular, due to its physiological and
technological importance, we have examined the trehalose/
sodium chloride/water system. Our goal is to identify electro-
lytes that strongly affect T,. Of course, the presence of a third
component provides many more possibilities, and, from a tech-
nological point of view, this i1s where we hope to find the most
interesting results.

MATERIALS AND METHODS

D-(+)-trehalose dihydrate (Pfanstiehl Laboratories,
98.9%) and sodium chloride (Aldrich Chemical Company,
99+ % ACS reagent) were used without any further purification.
Milli-Q water (10'® MW-cm) was used for all experimental
work. All solutions were prepared gravimetrically on an analyti-
cal microbalance. Most solutions required heating and mixing
to dissolve the solute(s). Solutions were heated in sealed glass
vials in a constant temperature bath.

Amorphous trehalose was prepared by freeze drying a
10wt% solution of trehalose using a FTS Systems tray dryer
coupled with a Dura-Dry MP condenser module. The trehalose
solution was cooled to —45°C under vacuum (10~2 mbar) and
held for 72 hours. The temperature was increased to 0°C over
4 days. The sample was then dried in a vacuum oven at room
temperature for 2 days, followed by drying at 70°C for 2 days
to remove residual water, All subsequent handling of the sam-
ples was done in a dry nitrogen atmosphere. The water content
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of the amorphous samples was determined to be less than
0.2wt%, as measured by Karl Fischer titration.

Differential Scanning Calorimetry

A Netzsch DSC-200 differential scanning calorimeter was
used for calorimetric measurements. An 11-point calibration of
both temperature and enthalpy was done for each set of condi-
tions. Approximately 20 mg of each solution was weighed in
a Netzsch TG 209 thermogravimetric analyzer at 20°C, and
sealed in a 40 pl aluminum pan with a crimping press. An
empty aluminum pan, identical to that used for the sample, was
used as the reference. The sample was immediately quenched
by plunging the sealed pan directly into liquid nitrogen. This
method of quenching restricted our experiments to trehalose
concentrations above 60wt%.

All DSC data were collected in heating mode. Nitrogen
vapor, produced by heating liquid nitrogen in a dewar, was
used to pre-cool the sample cell to temperatures about 40°C
below the expected T,. The sample pan was then quickly trans-
ferred from the liquid nitrogen quench bath to the sample cell.
The sample was thermally equilibrated for 5 minutes before
beginning the experiment at scan rates of 5 and 10°C/min. The
faster scan rate was used to increase sensitivity to the glass
transition. The sample cell was continually purged with dry N,
gas (99.9995% pure) at 25 ml/min. Nitrogen from the same
source was also used as a protective gas to prevent condensation
of water on the DSC cell (300 ml/min). Sample preparation
and experimental conditions were chosen according to ASTM
standard test method E 1356-91.

The glass transition was determined by constructing tan-
gents to the DSC curve baselines before and after the glass
transition. The intersection of these tangents to the tangent at
the inflection point gives the extrapolated onset and endpoint
temperatures. As is customary, the midpoint of these tempera-
tures is reported as the glass transition temperature.

Dynamic Mechanical Analysis

Dynamic mechanical analysis of the frozen samples was
performed with a Perkin-Elmer DMA 7e apparatus using the
parallel-plate probe. The DMA analyzer measures the amplitude
of the oscillation at a given frequency and the phase lag (8) of the
response with respect to the applied force. In our experiments,
normal forces were adjusted dynamically to maintain oscilla-
tions of 1-2 wm in amplitude. The DMA was operated in the
temperature scan mode at scan rates of 5 and 10°C/min.

For a DMA run, the entire apparatus (probe and stage)
was cooled to about 40°C below the expected glass transition
temperature. A drop of sample at room temperature was placed
in a 6 mm diameter aluminum pan and quenched in a bath of
liquid nitrogen. The typical sample thickness was between 1|
and 3 mm. The glass transition temperature was inferred directly
from the probe position curve. Tangents to the linear sections
of this curve were constructed both before and after the glass
transition. The intersection of these lines is defined as the
softening point, T;. The relationship between the softening point
and T, has been discussed by Shalaev and Franks (27). They
suggest that the sample will retain its solid-like behavior at
temperatures slightly above T, and argue that viscous flow in
real time is not measurable by DMA until temperatures some-
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what above the T, measured by DSC. The mechanical deforma-
tion at such temperatures will, of course, depend upon the
parameters of the experiment such as the scan rate, the oscilla-
tion frequency, and the applied force.

X-Ray Diffractometry

A Siemens diffractometer with a Cu-Ka source and a
HI-STAR area detector was used for the x-ray diffraction experi-
ments. Samples were packed and sealed into 1 mm quartz
capillaries in a dry nitrogen atmosphere. Rotation scans at 20
= (° were performed for 30 minutes and background scans
were subtracted. For experiments at elevated temperatures (up
to 110°C), an FTS Systems Air Jet Crystal Cooler controlled
the sample temperature.

Viscometry

Viscosities of trehalose solutions were measured using a
Bohlin CVO controlled stress rheometer with a parallel plate
measuring system. The minimum temperature allowed by the
cooling system was —25°C. The gap between plates was set
between 0.3 and 1.0 mm, while the shear stress varied from 3
to 500 Pa. The shear stress was adjusted through trial and
error to give a sufficiently high strain rate (1-300 s™!) without
crystallizing either trehalose or ice from the sample. Several
measurements were performed at intervals of 20-30 seconds.

Solid-Liquid Phase Diagram

The solubility of trehalose in water was determined by
measuring the concentration of trehalose in the supernatant
aqueous phase of a saturated trehalose/water mixture. The mix-
ture was vigorously stirred at 1000 rpm for eight hours in a
200 ml test tube immersed in a constant temperature bath. It
was then sealed to prevent evaporation and allowed to settle
until a clear supernatant phase was obtained. The concentration
of trehalose was measured using an Abbe refractometer. The
equilibrium condition was determined by periodically measur-
ing the concentration of the aqueous phase until a constant
value (within =0.05wt%) was obtained. The mixture was stirred
and allowed to settle before each measurement. Experiments
were performed in triplicate. The stability of the temperature
bath was =0.1°C. The effective resolution of the Abbe refrac-
tometer was *0.1wt%.

The freezing point depression of the binary trehalose water
mixture was measured using a method similar to that described
by Scatchard et al. (30). Two closely matched 200 ml vacuum
dewars were used for the solution and the ice-water reference
bath. The solution consisted of finely chopped ice in equilibrium
with aqueous trehalose. The ice was prepared from Milli-Q
water, and then chopped in a household blender. Both baths
were continually stirred. The temperature was measured with
a pair of thermistor probes and a resistance bridge. The uncer-
tainty in the temperature measurement was =0.03°C. The con-
centration of the aqueous solution was measured using an
Abbe refractometer.

Heat of Solution Calorimetry

The heats of solution of amorphous trehalose and trehalose
dihydrate were measured using a Thermometrics 2225 High-
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Precision Solution Calorimeter in a Hart 7037 constant tempera-
ture bath. Temperature stability of the bath was better than 0.1
mK over the duration of the experiment. Approximately 0.1 g
of sample were placed into a thin-walled glass ampoule and
sealed with a silicone stopper and beeswax. The sealed ampoule
was immersed in 100 ml of Milli-Q water inside the glass
reaction vessel. The contents of the cell were stirred at 400
rpm. Five electrical calibrations were performed both before
and after breaking each ampoule.

Specific Volume

The densities of trehalose solutions with concentrations
ranging from 18 to 68.5wt% were measured using an Anton-
Paar DMA 40 vibrating tube densimeter. These measurements
were made in the temperature range from —15°C to 20°C. The
instrument was calibrated using diethyl ether and methanol,
whose densities below 0°C are known (31,32). Most of the
solutions were supersaturated due to the low temperatures. This
led to complications with crystallization of ice. In most cases,
crystallization could be avoided by judiciously choosing experi-
mental conditions. Solutions were prepared by heating gently to
temperatures just above the equilibrium solubility temperature.
Approximately 2 ml of solution were then injected into the
densimeter, which was pre-cooled to the measurement tempera-
ture. The solution was allowed to cool to the measurement
temperature before turning on the densimeter. This prevented
the oscillations of the tube from inducing nucleation. The glass
tube allowed for a visual check for any obvious signs of crystal-
lization. Measurements were done in triplicate. The uncertaint-
ies in the temperature and density measurements are =0.02°C
and +0.0005 g/cm?®, respectively.

RESULTS AND DISCUSSION

Solid-Liquid Phase Diagram

Figure 1 shows the equilibrium phase diagram of the
trehalose/water system. These data cover the concentration
range from O to 80wt% trehalose. The solubility of trehalose
dihydrate in water is reported in Table I. As can be seen in
Fig. 1, these values are significantly lower than previously
reported for this saccharide.

The discrepancies between our data and the solubility
results above 0°C reported by Nicolajsen and Hvidt (26) could
be explained if we bear in mind the slow precipitation of the
solid from the supersaturated solution, especially for high-vis-
cosity systems. The supercooling of saccharide solutions is a
well-known phenomenon (33). An experiment that uses the
method of cooling a supersaturated solution and waiting for
precipitation to occur is prone to kinetic limitations; the temper-
ature at which the solute precipitates from a mixture of known
composition can be underestimated, even with the use of tech-
niques that promote nucleation and crystal growth. The agree-
ment between the differential scanning calorimeter (9) and
short-term (26) experiments is surprising, especially consider-
ing the different experimental techniques that were used, but
it could be a sole consequence of the similarity of the time
scales assessed by the two experiments.

Another plausible argument for the discrepancy between
our results and those of others involves the formation of crystal-
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Fig. 1. Equilibrium phase diagram of trehalose as measured by other
groups and in our laboratory. The solutions for the data points noted
as “non-equilibrium liquidus” appeared cloudy during measurements
and are thought to be beyond the equilibrium eutectic point. Data of
Green and Angell (9) and Nicolajsen and Hvidt (26) are provided for
comparison. The concentration unit is weight fraction trehalose.

line hydrates. Many low molecular weight saccharides exhibit
multiple crystalline hydrate forms (34-36). It is possible that,
during short term experiments, only a metastable state is attained
between the solution and a crystalline hydrate. In the long term
experiments, a different, thermodynamically stable solid species
could be achieved, thereby shifting the solubility curves.

It should be noted that some of the discrepancy between our
solubility measurements and those of others may be attributed to

Table 1. Solubility of Trehalose in Water

Temperature (°C) wt% Trehalose

~1.20 312
4.11 33.1
727 345
10.0 35.8
20.2 40.6
29.8 46.2
40.1 52.4
49.9 58.4
60.1 64.4
70.1 70.4
80.0 76.9
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sample purity. Small amounts of ionic impurities should, in
principle, reduce the solubility of the trehalose by a “salting
out” effect. The trehalose purity used in these studies was
98.9%; the purity of the trehalose used by other workers (9,26)
was not reported.

The ability of saccharide solutions to supercool is one of
the properties that makes them useful cryoprotectants. This is
demonstrated by experiments (37) in which 60wt% solutions
of fructose, mannose, ethyl mannoside, and ethyl glucoside
remained pourable liquids (completely free of ice and solute
crystals) during more than 4 years of storage at —18°C, which
is well below their equilibrium freezing points. Regardless of
such kinetic limitations, however, precise knowledge of solubil-
ity is essential for design of suitable formulations and pro-
cessing conditions.

The liquidus curve includes some points in which a
“milky” solution was observed during experiments. These
observations confirm that the concentrations of the aqueous
phase were greater than the eutectic. The intersection of the
liquidus and solidus curves defines the equilibrium eutectic
point, which lies at —2.5°C and a concentration of 29.8wt%
trehalose. Our measurements clearly show a eutectic tempera-
ture more than 15°C greater than that measured by Green and
Angell (9), —18.8°C, but only slightly above the value reported
by Nicolajsen and Hvidt (26), —4.4°C.

Volumetric Properties of Trehalose Solutions

It is well-known (22) that trehalose has the smallest appar-
ent partial molar volume of the common disaccharides: treha-
lose, maltose, lactose, cellobiose, and sucrose. The apparent
partial molar volume, V¢(cm3/mol), of trehalose in aqueous
solution was calculated from the measured density by the
relation:

1000(py — pa) M
R e 1
Ve mpyPq Pa W

where p,(T) and p,(T) are the densities of water and solution
(g/cm?), respectively, m is the molality of the solution and M
is the molecular weight of trehalose (342.3 g/mol). Figure 2
shows the results as a function of concentration at temperatures
between —15°C and 20°C. These results indicate that V, is a
linear function of trehalose concentration, as expected for a
non-electrolyte solute. Also note that the rate of change of
apparent partial molar volume increases as the temperature
is lowered.

The values of partial molar volume at infinite dilution,
V*, were obtained by extrapolation of the linear regressions in
Fig. 2; results are given in Table II. For comparison, we provide
data from other authors. The agreement is fairly good. Note
that our results involved large extrapolations to zero-trehalose
concentration, and should therefore be regarded with caution.
However, some general conclusions can be deduced. At 20°C,
the molar volume of crystalline (anhydrous) trehalose dihydrate
is 216.6 cm*/mol (38) and that of amorphous trehalose is 222.3
* 2.9 ml/mol (39). The results in Table II indicate that there
is a slight volume contraction of trehalose when it dissolves in
water. The partial molar volume at infinite dilution, which is
a measure of hydration (solute-solvent interactions), increases
with temperature.
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Fig. 2. Apparent partial molar volume of trehalose at several
temperatures.

We conclude that as temperature decreases from 20°C to
—15°C, V> decreases by about 14 cm?/mol, which is equivalent
to almost one mole of water per mole of trehalose. At this point,
it is not possible to ascertain whether this volume reduction
corresponds to a folding of the disaccharide or to stronger
hydration. Molecular dynamics studies of trehalose in water
(11) concluded that one trehalose molecule interacts directly
with at least ten water molecules. That work suggested that an
internal hydrogen bond can be formed between OH(6) and
OH(2) of the different pyranose rings due to partial folding of
these rings along the glycosidic linkage. We can speculate that
this folding increases at low temperatures, leading to the
observed volumetric effect.

Table . Partial Molar Volume of Trehalose at Infinite Dilution at

Several Temperatures
4t
mol

Reference Temperature (°C)

(18) 25 209.77

(22) 25 208.0

25) 25 206.9
this work 20 208.9
this work 15 207.3
this work 10 205.8
this work 5 204.6
this work 0 202.4
this work -5 200.4
this work -10 199.5
this work —15 194.8

Note: Results of other authors are provided for comparison.
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Glass Transition Temperature

Figure 3 shows the glass transition temperature data for
the trehalose/water system. The data were measured using both
DSC and DMA. Note that the DMA method consistently gives
a T, that is a few degrees above that obtained by DSC. As
mentioned earlier, this is due to the manner in which the glass
transition temperature is assigned when analyzing DMA data.
Using this method, the probe position curve has a marked
decrease at temperatures below the extrapolated onset tempera-
ture. That is, the sample probe has significantly penetrated the
sample before the extrapolated onset temperature is reached.
A typical probe penetration at the extrapolated onset tempera-
ture is 0.2 mm, while the minimum measurable probe displace-
ment is about 0.001 mm. For the solutions studied, the typical
difference in temperature between the extrapolated onset and
the temperature of first deviation of the probe tip from its initial
position is about 6°C. This corresponds to a decrease in viscosity
of nearly two orders of magnitude, as calculated from the WLF
equation (see below). This could explain the difference between
the glass transition temperatures obtained from DSC and DMA
measurements. Despite the difference, however, the dynamic
mechanical analysis provides an unequivocal validation of the
results of DSC, which can sometimes be difficult to interpret.

Published glass transition temperature measurements of
amorphous trehalose exhibit marked differences. This variation
is probably due to the presence of residual water in the samples.
Water is an excellent plasticizer of amorphous sugars. Trace
amounts of water increase the molecular mobility in the system,
thereby reducing the glass transition temperature. We have mea-
sured the T, of amorphous trehalose to be 114.9°C. The possibil-
ity that this is a (enthalpic relaxation) collapse event and not
a true glass transition, as suggested by the work of Shalaev
and Franks (27), has been discounted through the use of repeated
scans. That is, the sample was heated through its reported glass
transition, cooled to 30°C below this temperature, and then

o
i
1

-0 T _(DMA)

-207 T (0SC)

-40+

Glass Transition Temperature, T (°C)

-60+
0O
-804
-100 + t t 4“ 1
0.6 0.65 0.7 0.75 0.8 0.85
trehalose

Fig. 3. Glass transition temperature of aqueous trehalose solutions.
All DSC and DMA scans generated at 5°C/min heating rate. The
uncertainty in the DSC temperature measurement is =+ 1°C, while that of
the DMA is +2.5°C. The concentration unit is weight fraction trehalose.
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reheated. The value reported is for the second scan. The amor-
phous character of this sample has been verified with x-ray
diffraction at a temperature (105°C) slightly below the measured
T,. In Fig. 4, the powder patterns of trehalose dihydrate and
anhydrous trehalose are provided for comparison.

Figure 5 shows the glass transition temperatures of
trehalose/sodium chloride/water mixtures. Three concentrations
of trehalose were studied: 7.5, 10, and 15 mole percent. Various
amounts of sodium chloride were added to yield solutions with
up to 10 mol% NaCl. The data show that NaCl is relatively
ineffective at raising T,. Its effect on the T, of each trehalose
solution was similar; a concentration of 10 mol% NaCl raised
the T, by about 8°C in each case. Note that the physiological
concentration is less than 0.2 mol% NaCl. Interestingly, even
though the addition of NaCl has relatively minor effects on the
glass transition, it profoundly affects the crystallization kinetics
of ice (Fig. 6). The 7.5 mol% trehalose solution prepared without
NaCl crystallized almost immediately following its glass transi-
tion. The addition of even small amounts of NaCl completely
suppressed crystallization; a ternary solution with 5 mol% NaCl
did not crystallize over the time scale of our experiment.

We have recently proposed a simple model for predicting
T, (40) (Appendix A). Its usefulness resides in that it requires
no adjustable parameters and is based on volumetric data that
can be readily measured in the laboratory. This free-volume
model relates the glass transition temperature to the percolation
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threshold of a 3-dimensional system. Percolation readily occurs
at temperatures far above T,. That is, there is sufficient free
volume for translational molecular motion throughout the sys-
tem. However, as the temperature is lowered, the free volume
of the system decreases, thereby restricting molecular motion.
Atthe percolation threshold, which corresponds to a free volume
fraction of 0.16, the long-range continuity of the system is
broken, and motion is arrested. The temperature at which this
free volume “catastrophe” occurs is determined by extrapolating
volumetric data from several temperatures above the glass tran-
sition. The free volume of the system is extrapolated to lower
temperatures until the percolation threshold is reached.
Although the concept of the percolation threshold is appealing,
we have found that the model predictions are relatively insensi-
tive to the particular value of that threshold. For simplicity, the
predictions of the glass transition temperature in this work
have been obtained by neglecting the term containing excess
quantities in Eqs. A7 and A8. For the trehalose solutions studied
here, the entire contribution of the last term of Eq. A8 is about
two orders of magnitude smaller than that of all other terms.

Couchman and Karasz (41) have presented a model that
uses classical thermodynamics to predict the compositional
dependence of T, (Appendix B). The model requires calorimet-
ric data for the pure systems, namely the change in the heat
capacity (C,) at T, (and the T) of each component.

Table IIT shows both experimental data and predictions
from our model for several aqueous trehalose systems. Agree-
ment of our model with available experimental data for the
binary and ternary systems is satisfactory. The single trehalose/
NaCl/H,0 system studied and the 60wt% binary trehalose solu-
tion both contain about 7.5 mol% trehalose. A comparison of
the model predictions for these two mixtures shows that our
model is qualitatively correct; the addition of sodium chloride
slightly raises T,. The model prediction for the ternary system
assumes that the T, of NaCl is 1000 K. The model is relatively
insensitive to this choice since the NaCl mole fraction is small.

Table III also shows the predictions of the “Couchman-
Karasz model” using AC, = 35 JK™' mol™' (42) and T, =
136 K for pure water. We measured AC, = 215 * 18 JJK™!
mol~! at T, = 388 K for amorphous trehalose. Table III shows
that the predictions of this model are remarkably accurate over
the entire concentration range studied.

Note, however, that the heat capacity difference between
the supercooled liquid and glassy “states” of pure water at its
T, has been a matter of much debate (43). Based on heat
capacity data for supercooled liquid water and the AC, result
reported by Sugisaki et al., Johari (44) used thermodynamic
arguments to postulate that there is no continuity of state
between amorphous solid water (ASW) and supercooled liquid
water. Recently, Hallbrucker et al. (45) have measured AC, for
the glass to liquid transition of pure water at T, to be 1.6 *
0.1 JK~! mol™'. This value is considerably lower than that
previously reported (42) or estimated (46,47) by other authors.
Hallbrucker er al. (48) have used this lower AC, to construct
thermodynamic pathways connecting the ASW and supercooled
liquid water states, thereby eliminating the thermodynamic par-
adox. More recently, Speedy et al. have measured the evapora-
tion rates of ASW and ice near 150 K to develop an estimate
for the residual entropy of the glass (49). That result showed
that supercooled water and ASW satisfy bounds imposed by
thermodynamic consistency, implying that a continuity of states
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Table 1. Predictions of the T, of Aqueous Trehalose Solutions Using the Models of Kolker et al., Couchman and Karasz, and Soesanto and
Williams (Egs. 2 and 3)

wt% T, (°C) model of T, (°C) model of T, (°C) predicted using T, (°C)
Trehalose/NaCl/H,0 Kolker et al. Couchman-Karasz Eqs. 2 and 3 measured
57.9/6.6/35.5 -84 —78 =73
60.0/0.0/40.0 -90 —81 —80
65.0/0.0/35.0 -72 -70 ~74 —68
68.5/0.0/31.5 =70 -62 -60
72.4/0.0/27.6 ~58 =52 -61 —51
80.0/0.0/20.0 =29 -26 =27
83.0/0.0/17.0 ~15 -13 -15

Note: Experimental results (DSC scans at 5°C/min heating rate) are provided for comparison. Measurements and predictions are rounded to

the nearest °C.

is possible. The T, predictions of the Couchman-Karasz model
are very inaccurate when using the lower value of AC,. The
assumption in the derivation of Eq. BS that AC, is independent
of temperature and the anomalous C, behavior for supercooled
liquid water are likely causes for the failure of their model in
predicting T, for this aqueous system,

Heat of Solution

We measured the heat of solution at 25°C of amorphous
trehalose to be —25.3 = 0.1 kJ/mol (final molality, m = 2.9
- 1073 mol trehalose/kg H,0). The heat of solution of trehalose
dihydrate at 25°C was measured to be +20.7 * 0.2 kJ/mol (m
= 2.0 - 1073 mol trehalose dihydrate/kg H,O). This is in good
agreement with the value reported by Jasra and Ahluwalia (18),
+20.3 £ 0.08 kJ/mol, which was determined from a trehalose
- 1.86 H,O sample. We deduce from these results that the
formation of the dihydrate from the amorphous solid is strongly
exothermic. Furthermore, the dissolution rate of the amorphous
solid is noticeably faster than that of the crystal.

Viscosity

We have determined the dynamic viscosity of four aqueous
trehalose solutions. The results are summarized in Table IV.
The empirical equation proposed by Williams, Landel, and
Ferry (50) is often used to describe the temperature dependence
of viscosity:

log A= T~ T)
T‘g CZ + (T - Tg)

@)
The “WLF equation” is intended for use from T, to Ty + 100
K, and for solution viscosities greater than 10 Pa-s. For well-
behaved polymers, C, and C, are “universal constants,” which
take on values of 17.44 and 51.6, respectively. A typical value
of m,, which denotes the viscosity of the glass, is 10'*% Pa-s.
Although Eq. 2 has been widely used with the above values
of C,, C; and m,, it has also been recognized that C, is far
from universal and that a variety of molecular liquids have a
viscosity as low as 10° Pa-s at T, (51).

In the past, the WLF relation has been used successfully
to correlate the viscosity of concentrated fructose/sucrose
blends with the glass transition temperature (52). The T, pre-
dicted by the WLF equation depends strongly upon the value
of m,; the commonly used value, 10'*¢ Pa-s, is conveniently
based on a relaxation time of one day (53). For saccharide
solutions, Soesanto and Williams (52) have proposed a relation
to predictm, as a function of sugar concentration (x) based on the
molar volume of the solution, V(x). Itis given by the expression:

M) = AeV 3

where the values A = 3.99 - 10'° Pa-s and k = 38.74 mol/l
are based on data for the melts of a fructose/sucrose mixture
and glucose.

Table IV. Dynamic Viscosity of Several Concentrated Aqueous Trehalose Solutions from —25°C to +20°C

57.9/6.6/35.5 wt%

39.2 wt% Trehalose 65.0 wt% Trehalose 72.5 wt% Trehalose Trehalose/NaCl/H,0
Temperature Viscosity Temperature Viscosity Temperature Viscosity Temperature Viscosity
O (Pa-s)y*100 °C) (Pa-s) Y9 (Pa-s) °C) (Pa-s)
20 1.16 5.0 1.04 0.0 34.0 -13 3.50
15 1.18 ~5.0 3.03 -5.0 62.0 -15 4.58
10 222 —-10 4.58 —10 78.0 —17 5.80
5.0 2.75 —13 7.10 —15 192 -20 8.70
0.0 3.50 -17 12.1 -20 417
-50 4.53 =20 20.0 =23 680
-10 6.20 —24 390
-15 9.00

Note: The uncertainty of a viscosity measurement is approximately *5%.
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The WLF equation, in conjunction with Eq. 3, can then
be used to predict T, based on readily available volumetric and
viscometric data at 20°C. Table III shows the predicted T,
and the measured value for several trehalose solutions. The T,
predictions using this method are reasonable. The agreement
is surprising since the commonly accepted values for the con-
stants C; and C, fail to fit our n(T) data for any chosen values
of Ty and m,.

The scaled Arrhenius representation of viscosity data is
commonly used as a method to classify liquids as either fragile
or strong. Using this method, the reduced viscosity of the solu-
tion is shown in Fig. 7 as a function of the reduced temperature.
A fragile liquid will form a glass that, when heated above its
T,, exhibits a large decrease in viscosity with a small increase
in temperature. On the other hand, a strong liquid forms a glass
that resists thermal degradation. Our results only cover a small
region of the scaled Arrhenius representation of the viscosities,
but they clearly indicate that the behavior of the trehalose/water
concentrated solution is similar to that of other fragile liquids,
such as sucrose. For comparison, data for an aqueous sucrose
solution (54) and the strong glass-former SiO, (55) are also
given in Fig. 7.

Supplemented Phase Diagram

Figure 8 shows the so-called supplemented phase diagram
for the trehalose/water system. This figure not only includes
equilibrium data, but also the glass transition curve and the
liquidus curve extrapolated beyond the eutectic point. The
supplemented phase diagram is useful for illustrating the con-
centration regime in which a system passes from thermody-
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-~ + 72.5% w/w Trehalose (this work)
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Fig. 7. Scaled Arrhenius representation of viscosity data for trehalose/

water solutions. Aqueous sucrose (54) data and SiO, (55) data are
provided for comparison.
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(67) are provided for completeness.

namic to kinetic control. That is, there is a specific trehalose
concentration, C;, beyond which water from the mixture cannot
be further crystallized on experimental time scales. For a
mixture, C, is identified as the point of intersection of the glass
transition curve and the extrapolation of the equilibrium freez-
ing point depression curve; Ty is the glass transition temperature
of this mixture. Constructing the curves using our data gives
C; and T; equal to 81.2wt% and —22.2°C, respectively. These
values are significantly different from those reported in the
literature (Table V).

Table V. Maximum Freeze Concentration (C,) and Its Glass Transition
Temperature (T,) as Reported by Various Authors

C, (Wt% T, (°C)

Reference Trehalose) T, (°C) (this work)

(65) Not reported —-31.8

(19) 83.34 -29.5 -12.8

(28) 81.6° =35 —20.6

(26) Not reported =30

67 70.5¢ Not reported —-574
this work 81.2 -222 -22.2

Note: All data are from DSC scans at 5°C/min heating rate, with the

T, taken as the midpoint of the extrapolated onset and endpoint

temperatures. _

¢ Unfrozen water calculation based upon ice melting endotherm of a
single solution.

¢ Unfrozen water calculated using Gordon-Taylor expression (66).

¢ Unfrozen water calculation based upon extrapolation of results from
a series of solutions.
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For aqueous saccharide systems, the parameters C, and
T, are particularly meaningful since crystallization of the sac-
charide does not occur on experimental time scales (33). Instead,
ice continues to precipitate as the aqueous mixture is cooled;
the composition of the remaining solution follows the liquidus
curve beyond the equilibrium eutectic point. At some concentra-
tion, the liquid remaining within the ice matrix becomes kinet-
ically inhibited from freezing, and, upon further cooling,
undergoes a glass transition; C, is the concentration of the
freeze-concentrated solution and its glass transition temperature
is T;. The quantity C; is important since all freezing and drying
processes must, in principle, pass through this point during
either cooling, drying, warming or hydration.

The quantity T, has important implications for freeze dry-
ing (lyophilization) processes. Lyophilization is usually per-
formed below T, to avoid a phenomenon known as collapse.
At a temperature near or above Ty, the sample flows during
processing, thereby leading to a loss of porosity. Eventual col-
lapse of the sample results in low rates of mass transfer of
residual water out of the sample and an inferior product.
Avoiding collapse is important for maintaining product quality
during lyophilization.

The differences between our C; and T, values and those
reported probably result from the method of measurement. Our
result is based on independent measurements of liquidus and
T, curves; other methods rely on conditions in which both ice
formation and vitrification occur. Those techniques may suffer
from kinetic limitations. The various methods have been pre-
viously reviewed; we briefly summarize them here. Some work-
ers (56,57) have determined C; by extrapolation. Using this
method, several solutions covering a wide range of different
initial concentrations are prepared and then subjected to the
same cooling program. The enthalpy of the ice melting endo-
therm is then measured for each solution. The enthalpy of this
peak per unit mass of solute is plotted against the mass ratio
of water to solute in the original solution. Extrapolation of this
curve to zero-ice-melting-peak corresponds to the C, value.
This method assumes that the endotherm is solely due to the
melting of ice; it neglects other possible thermal events such
as eutectic melting. Slade and Levine (37) have criticized this
method on the basis that the series of prepared solutions has a
wide range of characteristic time scales, and that heating and
cooling all solutions at the same rate invalidates the method.

Slade and Levine (19) have slowly cooled a dilute trehalose
solution (10wt%) to maximize the amount of precipitated ice.
The enthalpy of the ice-melting endotherm is measured using
DSC. The magnitude of this endotherm, along with the enthalpy
of fusion of pure water, is then used to calculate the quantity
of ice frozen. The trehalose concentration in the aqueous (con-
tinuous) phase can then be calculated. Strictly speaking, calcula-
tions using this method must account for the temperature and
solution composition dependence of the molar latent heat of
fusion.

Our quenching method could provide yet another explana-
tion of the differences between our T, value and reported values.
We expect that the glass transition temperature of our samples
that were quenched in liquid nitrogen will be higher than that
of samples prepared by a slow cooling method.

In the highly concentrated region above C,, T, exhibits a
marked dependence on the concentration of water. A change
in trehalose concentration of 1.0 wt% can change T, by £5°C.
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To verify our results for C; and T, we prepared solutions of
the same concentration as the C, given in Table V. The solutions
were quench cooled in liquid nitrogen and then the T, was
determined with DSC scans at 5°C/min. We found that while
these T, values were consistent with our supplemented phase
diagram, they were significantly different from those reported
in the literature.

Regardless of the method used, the point defined by the
C; and T, values should lie on the curve of glass transition
temperature versus concentration (Figs. 3, 8). In this work, the
data for the T, curve were measured by quenching homogeneous
solutions. It is assumed that, for the concentrations studied,
quenching was sufficiently fast to prevent phase separation.
The reported T, values vary from author to author, but are
generally around —30°C (Table V). This is the T, of a 79wt%
trehalose solution, as interpolated from our T, results.

CONCLUSIONS

The scarcity of fundamental data on the trehalose/water
system, particularly in the concentrated regime, has prompted
us to perform some of these much needed measurements. The
equilibrium liquidus and solidus curves were measured. We
determined that the solubility of trehalose in water is signifi-
cantly lower than previously reported (9,26). We attribute this
difference to the substantially longer times employed to attain
equilibrium in our measurements. We also speculate that the
presence of a metastable crystalline (trehalose) hydrate may
explain the solubility results of short-term experiments. Glass
transition temperatures for these solutions were measured using
two independent methods. The glass transition temperature of
amorphous trehalose was found to be greater than that reported
in previous studies (9,58). We believe that this is due to residual
moisture content in the samples employed by previous authors.
Enthalpy of solution for both amorphous and crystalline treha-
lose was measured. We suspect that there is a correlation
between these quantities and the protective ability of the saccha-
ride. The heat of solution of a compound in water provides a
measure of its ability to form hydrogen bonds. Thus, for protec-
tive agents, the water replacement hypothesis should be consis-
tent with large negative heats of solution. We are currently
investigating this possibility by measuring the enthalpy of solu-
tion of a variety of amorphous saccharides. These data should
provide insight into trehalose’s effectiveness as a protective
agent.

Volumetric and viscometric properties were measured as
a function of temperature for several concentrations of trehalose.
Studies that attempt to predict the glass transition temperature
of such mixtures should benefit, since many theories of the
glass transition are based either on free volume or an isoviscos-
ity state. We have presented a previously unpublished model
that predicts the glass transition temperature based solely on
volumetric data. The predictions of our model are in good
agreement with experiment.

It was also shown that, with regard to the general classifica-
tion scheme of strong/fragile glass-forming liquids, trehalose
solutions are fragile liquids. This behavior is consistent with
that of other concentrated saccharide solutions.

The kinetic properties of a model ternary solution,
trehalose/sodium chloride/water, were studied. The effect of
the electrolyte component on both the glass transition tempera-
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ture and the recrystallization temperature was investigated. Low
concentrations (<5 wt%) of sodium chloride increased the glass
transition temperature only slightly. A recent theory (59) pre-
dicts that dissociated charged species dramatically raise T,.
We have been unable to corroborate this claim with aqueous
solutions (60). In future work, we will investigate the influence
of various electrolytes and their degree of dissociation on the
glass transition temperature of aqueous trehalose solutions.
Although the addition of sodium chloride only slightly
increased T, the temperature at which ice recrystallized from
the mixture increased significantly. The presence of an electro-
lyte, therefore, has significant implications regarding processing
and formulation conditions (61). We are currently investigating
the effects of various electrolytes on crystallization kinetics.

APPENDIX A

The purpose of this addendum is to present a simple general
relation between the glass transition temperature of a non-ideal
binary or multicomponent solution and its composition. Such
a relation would provide general guidelines as to which types
of glass formers are likely to yield the desired range of T,
for mixtures.

The liquid to glass transition can be qualitatively described
as follows (62). One of the main differences between a liquid
and an amorphous solid is that the liquid has sufficient free
volume, V¢, to permit frequent diffusive motion of its molecules.
This gives rise to the so-called “fluidity” of a liquid. It is
important to emphasize here that the free volume must be
continuous throughout the system to permit the macroscopic
fluidity of the whole body. In other words, geometrically, the
free volume of the liquid can be interpreted as a continuous
network of “lakes and channels”. With decreasing temperature,
the total volume V of the liquid decreases and the free volume
V; also decreases; at some temperature, the free volume is
reduced to a critical level below which the continuous network
of “lakes and channels” disintegrates. Below this temperature,
there is insufficient room for molecular mobility throughout
the whole system and, consequently, for the macroscopic mani-
festation of fluidity. With regard to this concept of a liquid, the
temperature at which such a disintegration occurs corresponds
to the glass transition.

This qualitative picture of the glass transition can be conve-
niently treated in a somewhat quantitative manner by applying
one of the numerical results of percolation theory; namely, that
there is a constant critical volume fraction at which disintegra-
tion of a continuous network of “lakes and channels” occurs.
Furthermore, it does not depend on the detailed physico-chemi-
cal nature of the system or its composition. This universal
constant depends only on the dimensionality of space. To within
afew percent, this constant is found to be 0.16 for 3-dimensional
lattices (62). We therefore write that:

= 0.16 (AD)
where V° is the hypothetical volume occupied by the molecules
aaT=0K.

By definition, the thermal expansion coefficient of a sys-
tem, o, is a = 1/V(dV/dT),,.

Integrating this expression over the temperature range 0
to T,(K) gives:
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V = W exp[a)T,] = V(1 + (a)T,) (A2)

where (@) = 1/T,, [™ o dT is the average thermal expansion
coefficient.

Substituting Eq. A2 into Eq. Al, we arrive at a simple
universal relation between the glass transition temperature and
the average thermal expansion coefficient:

()T, = 0.19 (A3)
The molar volume of a binary mixture is:
V= .lel + szz + VE (A4)

where x; and x, are the mole fractions of water (for example)
and a solute, V, and V, are the molar volumes of the pure
components and VE is the excess molar volume of the mixture.
Differentiation of Eq. A4 with respect to temperature gives:

a = @) + g0y + ¢ (AS5)

where ¢, and ¢, are the apparent volume fractions, ¢, = x;V,/
Vand ¢, = x;,V»/V, a, and o, are the thermal expansion coeffi-
cients of the pure components (e.g., pure water and solute),
and ¢ = VE/V and of = 1/VE(dVE/dT),, are the excess volume
fraction and the excess thermal expansion coefficient, respec-
tively. By applying Eq. A3 to pure water and a pure solute
we obtain:
0.19

() = 52 and (o) = S5

A6
» T, (A6)

where Ty, and Ty, are the glass transition temperatures of pure
water and the pure solute, respectively. Combining Egs. A3,
A5, and A6, we arrive at the desired relation for the glass
transition temperature of the mixture:

L=ﬂ+ﬂ+_l__(p)2<a£)

A
T, Ta Tp 019 (A7)

Generalization of this relation to a mixture containing n compo-
nents is straightforward:

1

i (A8)

N % 1 E(E
_,.Z*,Tg,-“Lo.w‘P(“)
where (af) is the excess thermal expansion coefficient for a
multicomponent mixture.

Equations A2-A8 rely on a crucial approximation (in addi-
tion to assuming that the glass transition is purely governed by
free volume effects). To calculate (o) between T = 0 and
Tg(K), volumetric liquid data for T > T, is extrapolated to
sub-T, temperatures. That is, a hypothetical liquid behavior is
assumed for T < T,

The calculation of apparent volume fractions for the com-
ponents requires the mixture molar volume. The excess molar
volume of a binary mixture can be expressed as:

- XIM[ + X2M2
p(-xivT)

where p(x;, T) is the density of the mixture, and x; and M; are
the mole fraction and molecular weight of component i,
respectively. .

The apparent volume fractions, ¢;, contain the quantities
V and V,, which are functions of temperature. Equation A7

VE - (X1V1 + X2V2) (Ag)
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requires knowledge of these temperature dependencies. Unfor-
tunately, there are experimental difficulties in measuring the
density of aqueous solutions at temperatures approaching the
glass transition. Many of these solutions are metastable. The
time-dependent crystallization of one or more of the compo-
nents causes measurable changes in the density. This requires
the use of an extrapolation technique for temperatures below
—15°C when using our data.

The molar volume of solute i, V;, as a function of tempera-
ture t(°C) was determined by an equation of the form:

Vi,20°C

0.19 .
(1= (F)e-200)

where V; - Was obtained by extrapolating solution molar vol-
ume data at 20°C to that of the pure solute. The density of
supercooled water above —34°C is available (63).

The simplest way to apply this model to a given system
is to use density data to determine the molar volume of the
mixture, V, at each temperature. A least-squares linear fit is
then used to linearly fit the V data. The V; for each solute can
be determined as a function of temperature using Eq. A10.
The V; for the solvent (in our case, water) is determined from
available density data. The lowest temperature for which density
data are available for supercooled water is —34°C; we use the
density (64) of low-density amorphous ice (0.94 g/em?®) to
linearly interpolate between —34°C and the T, of pure water
(—136°C). The volumetric data are then used to calculated ¢;
for every component at each temperature. Equation A8 (without
the excess term) is transformed to the objective function F(T):

‘/i=

(A10)

n ; T
F(T)=-1f— EI‘PT(') (A1)
= gi
where
FT) =0 (A12)

A rigorous application of this model requires volumetric
data over a range of temperatures. An alternative technique can
be used for predicting the T, of systems using only the knowl-
edge of the molar volume at a single temperature. It is based on
the assumption that the molar volume is linear with temperature.
Each set of complete V(T) data for a given concentration, X,
is fit to a line using a least-squares method. The slope each of
these lines is (dV/dT),. These data are then used to develop a
relation between x and (dV/dT),. Then, for a given concentra-
tion, the molar volume at a temperature T is:

dv

2?>X(T -7) (A13)

Vix, T) = V(x, T') + (

where V(x, T') is the known molar volume of the mixture at T".

APPENDIX B

Couchman and Karasz (41) have presented a model that
uses classical thermodynamics to predict the composition
dependence of T,. This model treats the glass transition as an
Ehrenfest second order transition in which the enthalpy, entropy
and volume of the mixture are continuous at T,. The continuity
of the entropy at such a transition forms the basis of their model.
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The total entropy of a binary mixture can be written as:
S = x1S1 + X2S2 - R(Xl In X1 + X3 In XZ) + ASmix (Bl)

where x, and x, are the mole fractions and Sy and S, are the
molar entropies of the two components, R is the universal
gas constant, and AS;x includes all excess entropy changes
associated with mixing. Expressing the entropy of the mixture
at its glass transition temperature, Ty, in terms of heat capacit-

ies gives:

Tz C, T C,

S(T,) = xl{S? + J ’ —”‘dT} + xz{sg + J —”z-dT}
T T

Te1 T2

—R(x, In x; + x; In x3) + ASq,

(B2)

where 5§ and S9 are the molar entropies of the pure components
at their respective glass transition temperatures, T, and T,.
The entropy continuity principle is established by writing Eq.
B2 for both the supercooled liquid and the glass. The simplest
case, in which AS,;, is solely configurational, implies that AS,;,
is also continuous at T,. This gives:

T, ! Tg !
X|{I ) ‘%ldT} + XZ{I * —;Z‘dT} =
Ty TgZ

&

T, (64 T, C&
xIUg—”—'dT} +x2{I8—L2dT}
Tg1 T T2 T

& g

(B3)

where the [ and g superscripts indicate the supercooled liquid
and glass states, respectively. Combining terms gives:

s C, — C§ Tz Cy — C§
O i I J QIS e B T
T, r T, T ‘

sl 82

The integrals of Eq. B4 are easily evaluated if it is assumed
that each AC,; = C.; — C% is independent of temperature,

which gives the following analytical expression for Ty

T
XzAsz ln(—ﬁ>
T, Ty
Inf=——tr (B5)
Tg] x,ACpl + XZACpZ

Typically, the glass transition temperature of each pure compo-

nent, T,;, and the finite discontinuity in its heat capacity at T,
AC,,;, are calorimetrically determined.
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