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Abstract

The glass transition temperature of trehalose, sucrose, glucose, and fructose aqueous solutions
has been predicted as a function of the water content by using the free volume / percolation
model (FVPM). This model only requires the molar volume of water in the liquid and
supercooled regimes, the molar volumes of the hypothetical pure liquid sugars at temperatures
below their pure glass transition temperatures, and the molar volumes of the mixtures at the glass
transition temperature. The model is simplified by assuming that the excess thermal expansion
coefficient is negligible for saccharide-water mixtures, and this ideal F\VPM becomes identical to
the Gordon-Taylor model. It was found that the behavior of the water molar volume in trehalose-
water mixtures at low temperatures can be obtained by assuming that the FVPM holds for this
mixture. The temperature dependence of the water molar volume in the supercooled region of
interest seems to be compatible with the recent hypothesis on the existence of two structure of
liquid water, being the high density liquid water the state of water in the sugar solutions. The
idealized FVPM describes the measured glass transition temperature of sucrose, glucose, and
fructose aqueous solutions, with much better accuracy than both, the Gordon-Taylor model
based on an empirical ket constant dependent on the saccharide glass transition temperature, and
the Couchman-Karasz model using experimental heat capacity changes of the components at the
glass transition temperature. Thus, FVPM seems to be an excellent tool to predict the glass
transition temperature of other aqueous saccharides and polyols solutions by resorting to

volumetric information easily available.
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1. Introduction

The glass transition temperature of a supercooled fluid represents the temperature, T4, at which
the mechanical relaxation time becomes comparable to the experimental time, conventionally
fixed at 100 seconds. It is not a thermodynamic transition, but a dynamic (route-dependent)
one, which depends on the technique used to determine it, conventional or modulated
differential scanning calorimetry and dynamic mechanical thermal analysis being the more
widely used. Even the use of a single technique could lead to different T4 values, depending on
the cooling rate.’

In mixtures the glass transition temperature is a function of the composition, with the
component having the lower transition temperature taking the role of plasticizer, as the case of
water in aqueous solutions containing carbohydrates or natural biopolymers. The glass
transition behavior of these aqueous systems is fundamental to determine their stability during
storage of biomolecules, cells or organisms at low temperatures, and the damage of the
materials being cryopreservated.? Therefore, the prediction of the glass transition temperature
of binary, or more complex, aqueous solutions becomes an useful tool in a number of practical
applications related mainly to food and cryopreservation technologies.

In this work we use the free volume/percolation model (FVPM),® with parameters adjusted
using the available information on the trehalose-water system, to estimate the glass transition
temperature of simple polyol-water systems and compare the results with the experimental
values and those obtained with other theoretical and semiempirical models.

Previously to discuss the FVPM for the estimation of Tq of polyol aqueous solutions, it is worth

to analyze the performance of well-known glass transition models applied to these systems.



Generally speaking, the glass transition temperatures of binary aqueous mixtures have been
modeled by resorting to theoretical approaches based on the free volume theory of liquids,* and
the Ehrenfest second order transition in which the enthalpy, entropy and volume of the mixture
are continuous at Tg.>

The Gordon and Taylor model (GTM) is a free volume model originally developed to predict
the glass transition temperature of polymer blends.® It is also used to calculate T4 of mixtures of
water (1) with a second component (2) as a function of its composition if the values of the
glass transition temperature of the pure components, Tgi, are known. The expression for Tgy of

the mixture is,
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where wi and w; are the weight fractions of water and solute, respectively. The coefficient ket
can be calculated from the densities, i, of the pure components and the change of the thermal
expansibility of the mixture, Aa, at Tq. By assuming that the product A« . T4 is approximately

constant,” the expression of ket takes the simple form:

T
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Nevertheless, the application of the GTM is limited due to the lack of information on the

volumetric properties of the saccharides in the supercooled regime.



Roos® proposed that ket could be obtained empirically for saccharide aqueous solutions by
fitting the measured glass transition of these systems to equation (1). A linear relationship was

found between this parameter and the glass transition temperature of the sugar,

Ker = 0.0293T,, —4.39 3)

where Tg is the glass transition temperature of the pure saccharide in Kelvin.

Figure 1 shows the experimental Ty for aqueous sucrose,®? and trehalose®®1316:1821-25
solutions, respectively, obtained from differential scanning calorimetry (DSC). The averaged
glass transition temperature of pure water reported for amorphous solid water,??® and for
hyperquenched water,?83% Tg; = (136 + 1) K, was adopted in the calculations.

The predictions of glass transition temperatures for aqueous sucrose solutions using the
empirical ket given by Eqn. (3) are shown in Figure 1 for Tg = 343 K, the mean value of onset
and midpoint data. The reasonable good agreement with the experimental data (ATg < 10 K)
was expected, taking into account that sucrose was one of the saccharides used in the fit
leading to Eqgn. (3). In the case of trehalose solutions, the predictions using the empirical ket
(Eqn. (3)), obtained with Tq, = 380 K for pure trehalose reported by Roos,® underestimate the

most recent glass transition measurements in the water-rich region, as shown in Figure 1.
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Figure 1. Experimental glass transition temperature of sucrose aqueous solutions: (o) midpoint®!16 (A)
onset®1017-20 and trehalose aqueous solutions: (@) midpoint>®82 (A) onset®!3162225 Dashed lines
correspond to the fits using the GTM (Eqgn. 1) with ket given by Eqgn. (3). Solid lines correspond to the
fits using the modified CKM (Egn. 5) with kck given by Eqn. 6 (3.09 for trehalose, and 2.52 for
sucrose). The dotted lines correspond to the GTM (Eqn.1) using ket as an adjustable parameter (ket =

4.76 for trehalose, and ket = 4.94 for sucrose).

The Couchman-Karasz model (CKM), based on the glass transition as an Ehrenfest second
order transition,>% leads to an expression for T4 of the mixture as a function of composition in

terms of the glass transition temperatures of the pure solution components, and ACpi = Cpi(liq) -



Cypi(glass), the heat capacity change at the glass transition. If ACy; is assumed independent of

the temperature, the following expression holds,.
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A similar equation was obtained by Gordon et al.*® from the Gibbs-DiMarzio theory of the
glass transition.

On the other hand, if the heat capacity changes are assumed to be proportional to the
temperature, as proposed by Ten Brinkle et al.,*” the following modified CKM expression for

Ty is obtained,

_ Wzng + WlkCKTgl
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where:
AC
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This equation is equivalent to Egn. (1), excepts that the calculation of kck requires the thermal
experimental properties of the pure components at the glass transition.

The CKM predictions of Tq for the sucrose and trehalose aqueous mixtures, also shown in
Figure 1, were obtained using ACy2 = 0.628 J-K1.g* for trehalose,® and ACp2 = 0.77 J-K1.g™* for
sucrose,® while for water we adopted ACp1 = 1.94 J-K1.g2, that is the value reported for H20;

and N2H4 aqueous solutions.®® This ACp; value agrees with that reported by Sugisaki et al.?® for



vapor-deposited amorphous water. Other ACp1 values reported by Hallbrucker et al.?” (0.089
J-Kt.g1) for hyperquenched glassy water, and by Kohl et al. (0.039 J-K™*.g1),%° lead to kek < 1
(according to Eqn. (6)), which would result in convexes curves, instead of the concaves curves
experimentally observed.

It is clear from Figure 1 that the modified CKM predictions, Eqgn. (5), largely overestimate the
glass transition temperature for both disaccharides all over the composition range, as already
noted by Blond et al.*! for sucrose aqueous solutions.

Both, GTM and CKM can be used as empirical equations with one (ket or kck) or two (Tg2,
and ket or kck) adjustable parameters. In both cases Eqns. (1) and (5) becomes identical and,
obviously, the fit of the experimental results is much better, as indicated in Figure 1 (dotted
lines) in the case of one adjustable parameter (keT). Thus, the empirical equations are good for
describing the experimental results but the predictive power of the models is lost.

Katkov and Levine*? analyzed the predictive power of the CKM expressed by Eqn. (4) using
the trehalose-water mixtures as a test system. They concluded that the original CKM fits
existing experimental data when ACpz = 0.55 J-K*-gt is used.®

An empirical equation proposed by Jenckel and Heusch*® expressed in terms of the weight

fractions:

Tg = Wng1 + WZT92 + kw, w, (7)

has also been successfully used for different binary mixtures, but it fails when applied to low

molecular weight liquids,** as also observed with Eqgn. (1) and (5).



2. The Free Volume / Percolation Model (FVPM)

The FVPM is a free-volume approach® that relates Tq to the percolation threshold of a 3-
dimensional system. The model requires no adjustable parameters, but only information on the
volumetric data of the aqueous system. It was applied for the first time by Miller et al.® to predict
Ty of trehalose-water mixtures and details of the model can be found in that work. Nevertheless,
we summarize here the main aspect of the model to make clear the assumptions we propose in
the present work to estimate T4 of polyols with a minimum of experimental data.

The main idea behind the FVPM is that in the liquid state exists sufficient free volume, Vs, to
permit the diffusive motion of its molecules, the fluidity being the consequence of a continuous
(percolated) network of “channels and lakes”. With decreasing temperature Vs also decreases
and, as the glass transition temperature is reached, this free volume network disintegrates.
According to the percolation theory, there is a constant critical volume fraction (0.16) at which
the network is not longer percolated, and this universal constant depends of the dimensionality
but not of the system composition.*® For a 3-dimensional lattice this constant is related with T

through the expression,

=~ =016 )

where V is the total volume, and V? is the hypothetical volume occupied by the molecules at T =

0 K. Defining the average thermal expansion coefficient,

<a> = Ti Ia dT 9)
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and taking into account that,
V =V°ep|a)T,|xV°L+(a)T,) (10)

we get, replacing Eqn. (10) into Eqgn. (8), a relationship between the glass transition temperature

and the average thermal expansion coefficient:
<a>Tg =0.19 (11)

also valid for the pure water and the pure solute. The approximation in Eqgn. (10) holds with a
accuracy better than 1% if <a>Tg< 0.02, a condition that is fullfilled for the polyols studied in
this work.

It is possible to relate the glass transition temperature of the mixture and those of the pure
components by writing the thermal expansion coefficient of the mixture as the sum of the
contribution of each pure component (), weighted by its apparent volume fraction in the

mixture (), plus the excess term:
a = pa +,a, + o <aex> (12)

In equation (12) ¢i = xiVi/V, where x; and V; are the mole fraction and the molar volume of the
pure i component, respectively, V the molar volume of the solution, and ¢™ and (&™) are the
excess volume fraction and the average excess thermal expansion coefficient, respectively.

Combining Egn. (11) and (12) we obtain the desired relation between the glass transition

temperature of the mixture and the volumetric properties,

10
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Eqgn. (13) is the master equation of the FVPM and it was used in a previous work? to estimate the
glass transition temperature of trehalose aqueous solutions. In order to estimate T4 of a mixture
one should be able to calculate the molar volume fraction of the pure components and the excess
volume of the aqueous mixture at Tg,. Therefore, reasonable assumptions on the volumetric
properties of the mixture at low temperature are needed in order to use the FVPM expression for
the glass transition temperature.
Regarding the excess term in Eqgn. (13), some assumptions related to its magnitude can be
formulated. The volumetric properties of aqueous mixtures at low temperatures (Tg1 < T < Tg2)
are usually available above room temperature, that is, below Tg> for most of the saccharides to be
considered in this work, but well above Tg1. Since the mixtures of interest for practical purposes
are concentrated solutions, their glass transition temperature will be much closer to Ty than to
To1.
This is, for instance the case of aqueous trehalose solutions, where Tg= 389 K and the glass
transition temperatures of trehalose aqueous solutions with concentrations 0.60 < w, < 0.83 lay
in the range 193 K < T < 283 K.3?! As it is discussed in the Supplementary information, the
excess volume of trehalose-water mixtures at 183 K is around 0.36 cm®.mol?, and then ¢ ~
0.01. The value of (&™) is not easy to estimate, but we can consider the value of (« ) as a

reasonable boundary. For the solutes considered in this work the expansivity is close to 10* K

and, consequently ¢ (™) = 10 KX, Thus, the excess term in Eqn (13) can be neglected.

11



It is important to note that if the excess term is ignored, then the idealized FVPM model can be

expressed as:

1 a0
T

T, T

g g1

(14)

g2

This expression can also be obtained from Egns. (1) and (2), and it can be generalized to
multicomponent systems. That is, the idealized FVPM is identical to the GTM, what in turns
indicates that the GTM is an special case of the FVPM. Finally, it is worthy note that when the
excess term is neglected, the FVPM expression for the glass transition is independent of the
critical volume fraction, that is, the ratio between the free volume and the system volume at Ty
should be constant but not necessarily 0.16.

Other attempts to apply the FVPM for estimating the glass transition temperature of
cryoprotectants in aqueous solutions have been reported.*”*® Shah and Schall*’ used the FVPM
to estimate the glass transition temperature of glycerol-water mixtures by assuming that the
temperature dependence of the density of water (p1) and glycerol (p2) are constant over all the
temperature range down to the glas transition temperature of the mixture. Thus, they obtained the

Miller/Fox equation:

1 W, W,
T, ’ (Tg){plcrgﬁgl ’ pzcrg)n,zj )

where p is the density of the mixture. It should be emphasized that the assumption of constant
temperature dependence of the pure component densities is not equivalent to the assumptions of

this work on the molar volumes of the pure components and the mixture.
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Considering the wide deviation of the reported Ty of the glycerol-water mixtures, Shah and
Schall*” obtained a reasonable prediction with the idealized FVPM. When applied to
multicomponent mixtures containing water, glycerol, salts, and polyethylene- glycol, Eqgn. (15)
yields to better predictions than the Fox equation,*® which is similar to Eqn. (14) but with mass
fractions replacing volume fractions. In fact Fox equation can be obtained from Eqn. (15)

assuming that the density of all pure components and the mixture are equal at all temperatures.

3. Volumetric properties of the pure components

The volumetric properties of water and polyols aqueous solutions are available in literature on a
limited range of temperature. It is necessary to made a number of assumptions in order to apply

Eqn. (13) to estimate the glass transition temperature of the solutions.

3.1 Molar volume of water in the liquid and supercooled regimes

The molar volume of water of liquid and supercooled water above the homogeneous nucleation
temperature (Th = 239 K)* is shown in Figure 2. The assessment of the volumetric properties of
water below Th is not possible experimentally in bulk water due to unavoidable crystallization,
but the molar volume of supercooled water confined in nanoporous silica,®! and of emulsified
water under pressure (200 MPa),* could be measured because in both cases the crystallization
process can be avoided. These data are also plotted in Figure 2 and exhibited a completely
different behavior in the supercooled regime (differences in the liquid region above 273 K can be

explained by the effect of pressure).

13



To complete the information on the volumetric properties of water, molar volume of low-density
and high-density amorphous ice at =~ 120 K,>are also shown in Figure 2.

The volumetric data for water under nanoconfinement can be discarded as representative of the
behavior of bulk water because the expansivity coefficient changes sign twice all over the
temperature range. Incidentally, the volumetric properties of low-density amorphous ice at Ty,
agrees quite well with that of nanoconfined water, but the slope of the curve Vi vs. T is much

lower than that predicted for the amorphous ice using Eqn. (11).

Vl(cm3.mol'1)

14 -

13 I I I I
50 100 150 200 250 300

T (K)

Figure 2. Molar volume of pure water as a function of temperature: supercooled bulk liquid water above
the homogeneous nucleation temperature (V),* supercooled nanoconfined water®! are indicated by dashed
line, low-density (A) and high-density (m) amorphous ice [53], and emulsified water at 200 MPa (A).
Thin solid lines correspond to extrapolated low temperature molar volumes of low- and high-density

amorphous ice calculated using the average thermal expansion coefficient. Solid line correspond to the

14



linear fit of the molar volume of water (o) obtained using FVPM and experimental data for the trehalose-

water mixtures.® Dotted line is the V1 extrapolation used previously.®

On the other hand, the expansivity coefficient for emulsified/pressurized water does not change
sign upon cooling,>>>* and the extrapolation down to Tq, seems to correlate rather well with the
density of high-density amorphous ice.

It can be concluded that the volumetric properties of nanoconfined and emulsified/ pressurized
water have a completely different temperature dependence in the interval 200-250 K, and at
lower temperatures the molar volumes seems to correlate with the molar volume of low and high
density amorphous ice, which differs in more than 20 % each other.

For this reason we decided to adjust the molar volume of water over the entire range of
temperature using the FVPM and the experimental data of glass transition temperature for
trehalose-water solutions.® This procedure requires the knowledge of the molar volume of
trehalose in the mixtures with water as a function of temperature and composition that will be
describe in the next subsection. The adjusted values of water molar volume are shown in Figure
2 on the range of temperature where experimental data for T4 of water-trehalose are available.

It can be seen in Figure 2 that V1 is approximately linear with temperature, so the coefficient of
thermal expansion is positive and constant all over the temperature range analyzed, and its value
is close to that predicted by Eqgn. (11). On the other hand, the extrapolation of Vi at low
temperature shows that it is closer to the values corresponding to the high-density amorphous
ice.

It has been suggested that the properties of water in supercooled aqueous electrolyte solutions
are structurally related to the high-density liquid water, that is the fluid phase correlated to the

high-density amourphous ice.>>%. We suggest here that something similar occur in polyol

15



aqueous solutions, and hence the volumetric properties of water are different from that of bulk

water (as represented by the linear temperature dependence shown in Figure 2).

3.2 Molar volume of hypothetical liquid trehalose and other polyols

As mentioned above, we calculated the molar volume of water by profiting the experimental data
of glass transition temperature for trehalose-water solutions and the FVPM. For this system,
volumetric data down to -15 °C is available.® Densities reported by other authors for the water-
trehalose system restrict to very dilute solutions,>° or to temperature ranges close to room
temperature and above.%%%! For this task we used Eqgn. (3), and the molar volume of hypothetical
liquid trehalose had to be estimated following the procedure described in Supplementary
Information.

Briefly, the molar volume of the trehalose solutions, Vm, where plotted at different
concentrations as a function of temperature (See Figure S1 in Supplementary Information). It
was observed that Vi is a linear function of temperature in the concentration range 0.0890 < X,
<0.0117, which facilitate extrapolation down to lower temperatures in order to calculate ¢.

The molar volume of a hypothetical liquid trehalose, V., at each of temperature was
determinate from the linear plots (see Figure S2) of Vm vs. x2, by extrapolating to x> =1. As
explained in Supplementary Information, there is a large error associated to this procedure, and
we adopted an alternative procedure consisting in determining V2 at 10 °C with the former

procedure and calculating V- at lower temperatures by using Eqgn. (11) with Tg = 389 K.2

16



For trehalose aqueous mixtures, the maximum calculated excess volumes was -0,5 cm?, which
corresponded to excess volume fractions lower than -0.016. Hence, for simplicity, we could
assume here ideal mixture, that is ¢™ = 0.

A similar procedure was adopted to calculate V2, Vm, and theng; for other polyols studied in this
work. Table S1 (Supplementary Information) summarizes the parameters used to calculate ¢, for
all the solutes. The reference volumes at To were calculated from the reported volumetric
properties of the aqueous solutions of sucrose,>” 896283 fryctose,>>¢%83 and glucose®” %3 using

the same procedure described for trehalose.

4. Results and discussion

The calculated glass transition temperatures of the trehalose-water mixtures using FVPM with
the adjusted molar volume of water (V1) are shown in Figure 3. Also shown are the predicted Ty
calculated previously,® using Vi interpolated from the lines joining the supercooled molar
volume of water with the low-density amorphous ice molar volume (see Figure 2). It is clear that
the FVPM is very sensitive to the choice of Vi, and the previous estimation using the
extrapolated values of V1 from Th to the low-density amorphous ice leads to T4 values that differ
from the experimental ones more than 10 K in the water rich region.

Once the molar volume of water in the supercooled region was calculated by using the trehalose-
water mixtures as a model system, a validation of the model was attempted by comparing its
prediction with experimental data for other saccharide-water systems. We have chosen aqueous

solutions of sugars for which volumetric data are available.
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Figure 3. Glass transition temperature of trehalose-water solutions. The symbols correspond to the
experimental data as in Figure 1. The predictions of the FVPM using the adjusted V. (see text) are
indicated by the solid line, whereas the predictions using Vi interpolated from the lines joining the
supercooled molar volume of water with the low-density amorphous ice molar volumes correspond to the

dashed line.

Figure 4 shows the predictions of the FVPM for aqueous sucrose solutions compared with the
experimental data. Recent results of midpoint Tq by Ruiz-Cabrera et al.®* were added to the set of

experimental data, but it should be noted that the scatter is large at w2 > 0.85. The excess volume

18



of the sucrose-water mixtures reaches a maximum of 1.0 cm3.mol? at w2 = 0.95, and the

contribution of the excess volume fraction in Eqn. (13) could to be discarded.
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Figure 4. Glass transition temperature of sucrose-water solutions. The symbols correspond to the
experimental DSC data as in Figure 1, along with recent midpoint DSC data.®* Solid line: prediction by
the FVPM; dashed line: GTM with the parameters as in Fig. 1; dotted line original CKM (Egn. 4) with Ty

=136 K, T = 343 K, ACp1 = 1.94 J-KL.g, and ACp2 = 0.77 J-KL.gL.

The agreement between the experimental data and those estimated with FVPM is quite

satisfactory (R?= 0.9779), and much better than that obtained with the GTM and the ket
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parameter calculated through Eqgn. (3) (R?= 0.9578). On the other hand, the original CKM Tg =
343 K and ACp2 = 0.77 J-K1.g?, taken from Katkov and Levine,*? slightly overestimate T of the
mixture over an important region of compositions (R?= 0.9708).

The results of FVPM for glucose-water mixtures are depicted in Figure 5, where experimental
DSC data.81164%° The excess volume for this mixture has a maximum of 0.6 cm®.mol™ at w, =

0.90, and again the contribution of the excess term in Eqn (13) was neglected.
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Figure 5. Glass transition temperature of glucose-water solutions. The symbols correspond to
experimental onset (A)®!! and midpoint (@)%, (0)%, DSC data. Solid line: prediction by the FVPM;

dashed-dotted line: GTM with onset Tg, = 304 K, and Ty = 138 K, k= 4.52 (Eqn. 3); dashed line: CKM
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with midpoint Tg, = 309 K, Tg = 135 K, and ACp, = 0.63 J-K.g;8 dotted line modified CKM with Tg; =

135 K, T2 = 311 K, ACp1 = 1.94 J-KL.g%, and ACp = 0.88 J-KL.gL.12

In this case the FVPM predict quite well the experimental data (R>= 0.9867), which exhibit a
considerable scatter. The GTM predictions using the ket parameter from Eqgn. (3) and the onset
Tq = 304 K with ket = 3.08,% overestimates the experimental values (R?>= 0.9682). CKM with
the midpoint Tgz = 309 K and ACp: = 0.63 J-K1.gL8 underestimates the experimental Tg
(R?=0,9486), whereas the modified CKM with Tg = 311 K, and ACp2 = 0.88 J-K-g1,2° largely
overestimate (R%= 0.7631) the glass transition temperature of the mixture.

The glass transition temperature of the fructose-water system, reported in the literature®4+% as a
function of composition, represented in Figure 6, exhibits an even larger scatter than that
observed for other saccharides. The maximum excess volume for this mixture is 0.67 cm®.mol*
at wz = 0.9, which allow us to treat the mixture as ideal. In this case the FVPM predictions are
closer to the lower boundary of the experimental results, represented by the data by Mehl,%” and
are quite similar to the GTM predictions with onset Tg> = 278 K, and ket = 3.76 (Eqgn. 3).

On the other hand, CKM with midpoint T, = 283 K and ACy, = 0.75 J-K*.g%;® and the modified
CKM with Tg = 280 K, and ACp2 = 0.84 J-K1.g1,1% seems to predict rather well the rest of the
data, except for w2 > 0.9, where the experimental results are so disperse that cannot well fitted by
all the models. The corresponding values of R? for fructose-water are summarized in Table S2
along with those calculated for sucrose and glucose aqueous mixtures.

The validity of the idealized FVPM, as mentioned in Section 2, does not depend on the critical
volume fraction. This is an important conclusion because the FVPM predicts that the average

expansibility coefficient is given by (a ) = 0.19.T4?, for the mixture and the pure components.
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There are no experimental data to test this relationship in the case of the solutes studied in this
work, but we can resort to temperature dependence of the volume of sucrose, glucose and
trehalose calculated by molecular dynamics simulation.®® The volume of the glassy saccharides
in the interval between Tg> and temperatures 100 - 120 K below T yields (« ) between (1.43-
2.43).10% K, which is a factor between 2 and 4 times lower than the values predicted by Eqgn.
(11). The fail to validate Eqn. (11) should not been taken as conclusive because there are not
experimental results supporting the MD simulations, but in any case affect the results obtained

with the idealized FVPM.
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Figure 6. Glass transition temperature of fructose-water solutions. The symbols correspond to

experimental onset (A)® and midpoint (@)%, (0)%, ()%, ()%, DSC data, and dielectric relaxation data
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(X).%8 Solid line: prediction by the FVPM; dashed-dotted line: GTM with onset T, = 278 K, and Ty =
138 K, k= 3.76 (Egn. 3); dashed line: CKM with midpoint Tg; = 283 K, Tg1 = 135 K, ACp; = 1.94 J-K'1.g2,
and ACy, = 0.75 J-K1.g;8 dotted line modified CKM with Tg = 135 K, Tz = 280 K, ACp; = 1.94 J-K1.g 2,

and ACp,=0.84 J-K1.g11®

5. Conclusions

We have employed the FVPM to predict the glass transition temperatures of aqueous solutions of
the saccharides trehalose, sucrose, glucose and fructose as a function of the composition in the
range 0.5 < wz < 1. The procedure to calculate the needed volumetric properties of the pure
components and the mixture is based in calculating the molar volume of water from the partial
molar volume of trehalose-water mixtures which is known down to 258 K. The molar volume of
water in the supercooled regime seems to resemble that of the high-density liquid water in
agreement with the recent hypothesis on the existence of two structure of liquid water, being the
high density liquid water the state of water in the these polyols aqueous solutions.

Adopting this water molar volume, and with available volumetric information on the saccharide-
water mixtures at temperatures close to room temperature we could reproduce quite well the
glass transition temperature of the mixtures with the extra assumption that the excess molar
volume od the mixtures are negligible. The idealized FVPM becomes identical to the Gordon-
Taylor model when the excess expansibility term is neglected, and it is also independent of the
value chosen for the critical volume fraction imposed by the percolation theory. The idealized
FVPM reproduce the measured glass transition temperature of sucrose, glucose, and fructose
aqueous solutions, with much better accuracy than both, the Gordon-Taylor model using the

empirical ket parameter proposed by Roos?, and the Couchman-Karasz model using the
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experimental heat capacity changes of the components at the glass transition temperature. Thus,
the idealized FVPM can be used to predict the glass transition temperature of other saccharides

and polyols solutions by resorting to volumetric information easily available.
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1. Calculation of the molar volume of pure trehalose at supercooled conditions

The molar volumes, Vm, of the aqueous trehalose solutions in the liquid and supercooled
regions were calculated from the volumetric data for aqueous trehalose solutions reported by
Miller et al. [1] in the trehalose mole fraction 0.0890 < x> < 0.0117, and temperatures between
258 K and 293 K. As can be observed in Fig. S1, Vn is linear with temperature all over the

concentration range studied.
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Figure S1: Molar volume of trehalose aqueous solutions as a function of temperature at
different solute mole fraction (x2): 0.0890 (e); 0.0640 (m); 0.0588 (V); 0.0454 (V);

0.0287 (#); 0.0117 (%).
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The molar volume of a hypothetical liquid trehalose, V, as a function of temperature between

258 K and 293K can be obtained by ploting Vm Vs. X2, in the range 0.0890 < x2 <0.0117 at each

temperature, as depicted in Fig. S2 for the data at 283 K. The concentration dependence of Vm

is linear, indicating that the excess volume is close to zero in this concentration range.

The same behavior is observed at other temperatures in the studied interval. Therefore, V> can

be obtained as a function of temperature by extrapolating Vm to x2 =1.

Vi (cm3.mol'1)

0,00 0,02 0,04 0,06 0,08 0,10

X2

Figure S2: Partial molar volume of trehalose aqueous solutions as a function of trehalose mole

fraction at 283 K.

Extrapolation from x> =~ 0.08 to pure trechalose leads to considerable errors, even when the

uncertainties in the slopes of the plots Vm vs. X2 are small. This is reflected in the results shown
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in Fig. S3, where V. increases with increasing temperature but the behavior is far of being

linear. For this reason we employed and alternative procedure to estimate Va.

We adopted To = 283.15 K as a reference temperature and extrapolated the data reported in Fig.
S2 to x2=1 obtaining V2 (283.15 K) = (212.1 + 0.8) cm®.molX. Then, we calculated V- at all the
temperatures by resorting to the expression derived from Eqn. (11) by assuming that the

average thermal expansion coefficient does not change with temperature:

v, (T) =v2(To){1—‘119

T _To)jl (S1)

g2

Thus, we obtained the results indicated in Figure S3.
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Figure S3: Molar volume of hypothetical liquid trehalose as a function of temperature. Closed
circles correspond to the extrapolatation of Vi to X2 =1, and the solid line corresponds to the

calculation based on the V> value at 283.15 K and Eqgn. S1.

It is observed that, except for the data at 5 °C and 15 °C, the molar volume of liquid trehalose

obtained with this procedure agree within the experimental error with the direct procedure.

The molar volume of crystalline anhydrous trehalose (216.6 cm®.mol™) at room temperature [2]
is close to V2 (293.15 K) obtained here, which validates the assumption that the excess volume
in the water-trehalose mixture is zero all over the concentration range and temperatures
considered. The maximum deviation to the ideal behavior is 0.20 cm®.mol™* at 20 °C and 0.36

cm3.mol? at -15 °C.

2. Calculation of the molar volume of other pure saccharides at supercooled conditions

The procedure described for trehalose was also used to obtain the molar volume of the polyols
studied in this work by resorting to the volumetric data reported for sucrose [3-6], glucose [4-
6], and fructose [5,6]. Table S1 summarizes the parameters used to calculate V(T) of the
different solutes. The values of the onset and midpoint glass transition temperatures used in the

calculations were obtained from reported data for the pure saccharides [7-11].
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Table S1: Parameters for the estimation of molar volume of polyols using Eqgn. (S1)

Solute | Tgonset (K) | Tgmid (K) | To(K) |V2(To) (cm3.mol-*
Trehalose | 389 389 283.15 2121 +0.8
Sucrose 341 346 273.15 214.1+0.8
Glucose 304 310 293.15 114.0+0.8
Fructose 278 283 293.15 112.3+0.6

3. Comparison of the different glass transition models

We used the R-squared statistical parameters to compare the fit of the different models (FVPM,
CKM, and GTM) to the experimental data for the saccharides studied in this work. The results

are summarized in Table S2.

Table S2: R-square parameter for the fit of experimental data for sucrose, glucose and fructose

aqueous mixtures using the GTM, CKM and FVPM.

Saccharide GTM CKM Modified CKM | FVPM
Sucrose 0,9578 09708 |  --—--- 0,9779
Glucose 0,9682 0,9486 0,7631 0,9867
Fructose 0,8442 0,9730 0,9603 0,8992

The R-squared confirm that FVPM is the model that better represents the experimental data
sets for sucrose and glucose, whereas for fructose CKM and modified CKM perform better (see

main article for further discussion).
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