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1.1 Introduction

Thermal and relaxation properties of food and biological materials can hardly be dis-
cussed without considering the role of the surrounding water. In fact, we would not
even have living organisms or food without water. Biomolecules, such as proteins, nu-
cleic acids, polysaccharides and other smaller molecules that make up living organisms,
need water for their structure and function. The water determines their mobility, al-
lows them to associate and dissociate, enables proton transfer, and facilitates a large
number of biochemical processes (Franks et al. 1983; Luby-Phelps et al. 1988; Rup-
ley et al. 1991; Zimmerman et al. 1993). Since the water molecules are small and fast
moving compared to most biomolecules their presence tends to speed up the dynam-
ics of the biomolecules. When this is the case, water is said to act as a plasticizer for
the biomaterial. Generally, this plasticizing effect of water can be huge and decrease
the glass transition temperature of food and biomaterials by more than 100K (Jansson
et al. 2005). The strong influence on the water content is also of high medical and in-
dustrial importance since drying of food and biomaterial can considerably increase the
stability and storage time at a given temperature, by simply increasing the glass tran-
sition temperature to above the storage temperature (Levine et al. 1990). However, it
should here be noted that water has a large tendency to form hydrogen bonds to other
molecules, and this can give rise to “superstructural units”, with an increased relaxation
(Sjostrom et al. 2011), and/or an increased interaction between different biomolecules,
leading to an antiplasticizing effect of the water. Although such antiplasticizing effects
are fairly uncommon they can be strong (Sjostrom et al. 2011). Furthermore, as will be
discussed in some detail in this chapter, water influences the dynamics of other glass
forming materials very differently at low and very high water contents. This further im-
plies that equations like the empirical Gordon-Taylor equation (Gordon et al. 1952) (Eq.
1.1), commonly used to predict the glass transition temperature overwide concentration
ranges, cannot be used to estimate the glass transition temperature of pure water.

Tg =
w1Tg1 + kw2Tg2

w1 + kw2
(1.1)
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2 Glass Transition and Phase Transitions in Food and Biological Materials

In this equation Tg denotes the glass transition temperature of a two-component mix-
ture and the subscripts 1 and 2 denote the components 1 and 2, respectively.The weight
fraction of the components is denoted by w, and k is a system-dependent constant.
Sugar and other carbohydrates are essential components in plants, fruits, vegetables

and all living organisms, where they have structural, cryoprotective and metabolic roles
(Mathews et al. 2000). The cryoprotective role of carbohydrates are also of importance
for the food industry, where cooling and drying are frequently used methods for food
storage (Levine et al. 1990). In addition, glassy carbohydrates are commonly used in the
encapsulation and stabilization of labile food ingredients (Gunning et al. 1999) and phar-
maceuticals (Shamblin et al. 1999). Since the properties of carbohydrates are strongly
dependent on thewater-rich environment inwhich they are generallyworking, also their
cryoprotective properties are controlled by their water-dependent molecular dynamics
at low temperatures around their glass transition.
The properties of carbohydrates and carbohydrate-rich food and biological materials

are thus strongly dependent on the associated water. However, the influence of water is
probably even larger for the dynamics and biological functions of proteins. A protein is
inactive in its dehydrated state up to a hydration level h=0.2 (g of water)/(g of protein),
whereas for full activity roughly the same mass of water as protein is required (Rupley
et al. 1983; Frauenfelder et al. 1986). This importance of water has been supported by
several experiments (Fenimore et al. 2004; Frauenfelder et al. 2009) and molecular dy-
namics (MD) simulation studies (Vitkup et al. 2000; Tarek et al. 2002), which have shown
that the protein motions are mainly determined by the water dynamics. Hence, the pro-
tein motions, which, in turn, are necessary for the biological activity of the protein,
are “slaved” (or “driven”) by the water motions (Frauenfelder et al. 2009). This “slaving”
does not mean that the time scale of a protein motion is the same as for its surround-
ing water, but that the relaxation times of the two processes show similar temperature
dependences, that is, similar activation energies at a given temperature. It should here
be pointed out that water does not show unique properties as a solvent in all aspects.
Provided that the folded protein structure can be kept basically intact in the solvent,
it is mainly the viscosity of the solvent that determines the biologically most important
global protein fluctuations.This can be achieved in a solvent such as glycerol (Rariy et al.
1997), or even in an environment of a polymer surfactant (Gallat et al. 2012), but not in,
for example, ordinary alcohols, which causes denaturation of the protein. However, due
to the higher viscosity of, for example, glycerol compared to water the global protein
fluctuations, and related biological activities, are slowed down. In fact, the accumula-
tion of low molecular weight carbohydrates such as glycerol in the body is the reason
for why, for instance, various types of tree frogs can survive in climates of longer times
of subzero temperatures without cold- and freezing-induced damage by the stabiliza-
tion of protein and protection of membranes (Goldstein et al. 2010; Rexer-Huber et al.
2011) (and references therein). However, water has, as mentioned above, other unique
properties as a solvent, which implies that the water in our bodies cannot be completely
replaced by another solvent, but this will not be further discussed in this chapter.
In this chapter we will not only discuss the slaving behaviour of protein dynamics, as

mentioned above, but also discuss the currently debated (Doster et al. 1986; Sartor et al.
1994; Jansson et al. 2010; Jansson et al. 2011) origin and broadness of the calorimetric
glass transition of protein systems. Further focus will be on the thermal and relaxation
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properties of sugar solutions and sugar-rich materials like fruits and vegetables. As for
the proteins, we will discuss their relaxation properties and the related calorimetric
glass transition. Finally, we will show that the structural and dynamical properties of
water in solutions are very different at low and high solute concentrations, and that this
leads to a failure of the Gordon-Taylor equation (Gordon et al. 1952) at high water con-
tents. Since calorimetric glass transitions and other thermal events, such as melting and
crystallizations, are most directly measured by differential scanning calorimetry (DSC)
and associated relaxation properties are easiest studied by broadband dielectric spec-
troscopy, experimental data from these two techniques will be presented and provide
the base for our conclusions.

1.2 Glass Transition and Relaxation Dynamics of Sugar
Solutions and Sugar-Rich Food

In general, it is complicated to determine the glass transition temperature (Tg) of aque-
ous solutions of higher water contents due to that crystallisation normally occurs at
sub-zero temperatures. Even if the crystallisation temperature of water in general is sub-
stantially lowered by both the addition of solutes, like sugar molecules, and/or by using
high cooling rates, crystallisation of bulk water and aqueous solutions of higher water
contents will always occur in the temperature range 150–230K (Sellberg et al. 2014).
This region, which is visualized in Figure 1.1, is called the “No man’s land” of water due
to its inaccessibility in a non-crystalline state.
One way to overcome the problem to determine the glass transition temperature, and

especially to study the properties of water and diluted aqueous solutions in the “No
man’s land”, is to confine the liquids in porous materials or on surfaces. When water
is confined, the water molecules are affected by surfaces, which will induce a layering
effect (Antognozzi et al. 2001; Jensen et al. 2004). This in turn changes the orientation
of adjacent water molecules in a way that depends on the chemical nature of the sur-
face (i.e., whether the surface is hydrophilic or hydrophobic, or positively or negatively
charged) (Jensen et al. 2004) (and references therein).This orientation will in turn affect
the interaction between the water molecules and, as a result, reducing the probability of
forming the network structure necessary for crystallization (Takahara et al. 1999; Ricci
et al. 2000; Raviv et al. 2001; Rovere et al. 2003).This will be further discussed in Section
1.4 below.

No man’s land

150 230 273

Temperature (K)

Figure 1.1 Schematic description of the so-called “No man’s land” of water between 150 and 230 K. In
this region crystallisation of bulk water and aqueous solutions of higher water contents cannot be
avoided. 273 K is the melting temperature of bulk water.



�

� �

�

4 Glass Transition and Phase Transitions in Food and Biological Materials

350

16

14

12

10

8

6

4

2
−120 −100 −80 −60 −40 −20

Temp (°C)

H
e
a
t 
flo

w
 (

m
W

)

Sucrose

Glucose

Glucose
35w% H2O

30w% H2O

25w% H2O
Fructose

300

250

200

150

0 20 40 60 80 100

H2O [wt%]

G
la

s
s
 t
ra

n
s
it
io

n
 t
e
m

p
e
ra

tu
re

 T
g
 (

K
)

Figure 1.2 Gordon-Taylor plot of glass transition temperatures obtained from DSC measurements.
The glass transition temperatures of the dry carbohydrates and carbohydrates with 10wt% water
content are taken from Fulcher et al. (Fulcher, 1925). The inset shows DSC data around the glass
transition of glucose at the hydration levels 25, 30 and 35wt% water. The glass transition temperature,
Tg, was taken as the half step of the transition on cooling. The cooling rate for all measurements was
10 ∘C/min. The figure is taken from Jansson et al. (Jansson et al. 2005).

Another common way to determine the glass transition temperature of water-rich
solutions is to determine Tg for the corresponding solutions of lower water contents,
and then extrapolate it for solutions of higher water contents by use of its concentration
dependence. Provided that the glass transition temperature of the aqueous solutions
show a monotonic concentration dependence, the estimation is commonly done by the
empirical Gordon Taylor (GT) equation (Eq. 1.1) (Gordon et al. 1952).
In the inset of Figure 1.2, the effect of the water content on the glass transition temper-

ature is shown by the DSC thermograms for aqueous solutions of the monosaccharide
glucose. As can be observed, Tg decreases with increasing water content. Thus indicat-
ing that water increases the mobility of the system and thus has a plasticizing effect
on the sugar molecules. Furthermore, it is evident that the step in heat flow (which is
proportional to the change in heat capacity) at the glass transition increases with in-
creasing water concentration.The reason for this increase is probably an increase of the
amplitude and/or in the cooperativity length (i.e., the number of molecules involved)
of the motions associated with the viscosity. Both these scenarios are plausible due to
the smaller size and larger density of hydrogen bonds of the water molecules, compared
to the sugar molecules. On the other hand, if this increase of the step in heat flow is
extrapolated to pure water it becomes considerably larger than the small calorimetric
feature of hyperquenched bulk water at 136K (Johari et al. 1987), which generally is ac-
cepted as the glass transition of water. In fact, the step in the heat capacity of bulk water
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Figure 1.3 Schematic relaxation behaviour of a typical supercooled liquid. The relaxation process that
is coupled to the macroscopic viscosity of the liquid is called the α-relaxation, which reaches a time
scale of about 100 s at Tg. However, slightly above Tg, one or more local relaxation processes decouple
from the structural α-relaxation. Such secondary relaxation processes are often denoted β-relaxations.

at 136K is typically only 2% of what is commonly observed for the glass transition of
aqueous solutions (Angell, 2008). This further questions whether the feature at 136K
can be associated with the freezing-in of the same type of molecular motions as in the
case of the glass transition of aqueous solutions, particularly since no glass transition
can be observed for confined water, in contrast to confined aqueous solutions, as will be
discussed in Sections 1.3 and 1.4 below.
The glass transition of supercooled liquids can also be determined by the so-called

α-relaxation, which is due to collective molecular rearrangements directly coupled to
themacroscopic viscosity. As shown in the schematic illustration in Figure 1.3, the relax-
ation time (𝜏𝛼) of this process becomes increasingly slowerwith decreasing temperature.
By definition, Tg is reached when 𝜏𝛼 reaches a value of about 100 s (in analogy with the
1013 poise=1012 Nsm−2 for the viscosity). In addition to the structural α-relaxation, glass
forming solutions generally also showweaker secondary relaxation processes, where the
most common category are denoted β-relaxations. In aqueous solutions of higher water
contents, the local process is usually dominated by the relaxation of water and therefore
often called the w-relaxation. The 𝛽 (or w-) relaxation is faster and of more local nature
than the α-relaxation and it is visible also below Tg. As also visualized in this figure, the
viscosity related (𝛼) and the local (𝛽 or w) relaxations generally merge at a temperature
somewhat above the glass transition temperature.Thus, at higher temperatures the two
relaxation processes occur on the same time scale even if the viscosity-related relaxation
dominates the spectrum.
The structural and viscosity related relaxation can easily be distinguished from the

more local one by their different temperature behaviors, as shown in Figure 1.3. The



�

� �

�

6 Glass Transition and Phase Transitions in Food and Biological Materials

faster andmore local 𝛽 (orw) relaxation is normally described by theArrhenius equation
(Eq. 1.2), whereas the increase in relaxation time (or viscosity) with decreasing temper-
ature of the α-relaxation generally follows a Vogel-Fulcher-Tammann behavior (Vogel,
1921; Fulcher, 1925; Tammann et al. 1926) (Eq. 1.3):

𝜏 = 𝜏0 exp(Ea∕kBT) (1.2)

𝜏 = 𝜏0 exp
( DT0

T − T0

)
(1.3)

In these equations 𝜏0 is the microscopic relaxation time extrapolated to an infinite
temperature, which usually corresponds to quasi-lattice andmolecular vibrations of the
order of 10−14 s. Ea is the activation energy, T0 is the temperature where the relaxation
time 𝜏 goes to infinity and D is a parameter that describes the deviation from Arrhenius
behavior for the viscosity related α-relaxation. This D parameter is directly related to
the so-called fragility of a glass forming liquid, where a strong deviation from an Arrhe-
nius temperature dependence (i.e., a low values of D) of the α-relaxation means a fragile
liquid and a nearly Arrhenius temperature dependence is a signature of a strong liquid
(Angell, 1991). Fragile liquids are typically molecular systems with weak intermolecu-
lar interactions (e.g., Van der Waals), whereas strong liquids are often associated with a
strong network structure of covalent bonds.
In Figure 1.4, the dielectric relaxation times for various sugar containing systems of

20wt% water are shown. The slower cooperative and viscosity related α-relaxation of
the whole system is shown by solid lines and the faster and more local water relax-
ation (w) by symbols. As can be observed, for the three sugar-based aqueous solutions
(fructose, glucose and xylitol) the α-relaxation reaches a relaxation time of 100 s (T100s),
which, as mentioned above, is considered as the dielectric glass transition temperature,
around 210 K, whereas it is found at a somewhat lower temperature (190 K) in case of
hydrated strawberry.The faster and more local w-relaxation in the sugar based aqueous
solutions can in principle be described by the Arrhenius equation in the entire tem-
perature range for which it can be determined by certainty. However, due to that the
extrapolated prefactor 𝜏0 is much lower than the typical molecular vibration time (typ-
ical around 10−14 s) this process much likely deviates from its Arrhenius temperature
dependence at higher temperatures. This is in fact also what is observed for the straw-
berry sample. Here it should be noted that the strawberry sample does not correspond
to fresh strawberry, but to a freeze-dried strawberry which has been hydrated to 20wt%
water in order to have the same water content as the sugar solutions shown in the same
figure. In this material the w-relaxation follows an Arrhenius temperature dependence
(Eq. 1.2) at low temperatures whereas at higher temperatures it is better described by
the VFT equation (Eq. 1.3). As can be observed in Figure 1.4, for this specific sample
the crossover in temperature dependence is found at about the same temperature as 𝜏𝛼
reaches 100 s. In fact, this crossover in temperature dependence from a low tempera-
ture Arrhenius behavior to a high temperature VFT dependence is commonly observed
for water confined in a wide range of systems. It is observed in hard confining systems
as well as on surfaces of soft biological materials, see for instance (Jansson et al. 2003;
Swenson et al. 2006; Hedstrom et al. 2007; Monasterio et al. 2013; Swenson et al. 2015).
The physical origin of this universal crossover in the water dynamics has been widely
debated in recent years (Jansson et al. 2003). For instance, it has been suggested that su-
percooledwater around biomolecules and in other types of confined geometries exhibits
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Figure 1.4 Dielectric relaxation times for the sugars fructose, glucose and xylitol containing 20wt%
water and freeze-dried strawberry at the same hydration level. The viscosity related α-relaxation of
each system is given by solid lines and the more local water relaxation (w) is given by the symbols
shown in the figure.

a liquid-liquid transition at a temperature of approximately 225K (Faraone et al. 2004;
Liu et al. 2005; Chen et al. 2006; Mallamace et al. 2006). Such a liquid-liquid transi-
tion would then also give rise to a crossover in the water dynamics, from a fragile (i.e.,
a pronounced non-Arrhenius temperature dependence of the viscosity and its related
α-relaxation time) high temperature behaviour to a strong (i.e., an Arrhenius tempera-
ture dependence) low temperature behaviour (Faraone et al. 2004; Liu et al. 2005; Chen
et al. 2006; Mallamace et al. 2006). It has also been suggested (Chen et al. 2006) that
such a fragile-to-strong transition in the dynamics of the hydration water should lead
to a similar transition of protein dynamics. However, we argued (Swenson et al. 2006)
that no true fragile-to-strong transition is present for such hydration water, but that an
apparent fragile-to-strong transition occurs where the merged high temperature 𝛼−𝛽
relaxation transforms to a local β-relaxation, as shown in Figure 1.3.This interpretation
has recently been accepted (Wang et al. 2014) by several of the authors who proposed
the presence of a true fragile-to-strong transition in the dynamics of confined and hydra-
tion water.Therefore, it can now be concluded that there are no experimental evidences
for a true fragile-to-strong transition in the dynamics of hydration water, and this also
questions the presence of a liquid-liquid transition in the hydration water around 225 K.
From Figure 1.4 it is also interesting to note that the dynamics in a real and complex

system, like the hydrated strawberry material, is very similar to that of the sugar so-
lutions. Both the large-scale α-relaxation and the more local relaxation (𝛽 or w) show
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similar temperature behaviors.The reason for this is most likely that water molecules in
the strawberry structure are mainly interacting with carbohydrates of different kinds.
Furthermore, from the temperature dependence of the viscosity related α-relaxation
(solid lines) it is evident that the dynamical properties of the strawberry matrix changes
substantially with temperature. At low temperatures the matrix can be considered as
rather rigid and the cooperative and viscosity related relaxation increases rapidly with
decreasing temperature. At such low temperatures, the water molecules are unable to
performmotions on a longer length-scale due to confinement effects, and the dynamics
follows an Arrhenius temperature dependence (Eq. 1.2). As the temperature is increas-
ing, the strawberrymatrix becomesmore flexible and thewater dynamics becomesmore
long-range.The activation energy of the water dynamics is reducedwith increasing tem-
perature, which gives that the water dynamics at higher temperatures is better described
by a VFT temperature dependence (Eq. 1.3).
How the flexibility of the strawberry matrix is changed can furthermore be observed

by the temperature induced changes of the ionic conductivity (Jansson et al. 2005).
In the imaginary part of the dielectric permittivity, long-range ionic motions, that is,
dc-conductivity, can generally be described by a power law ((𝜎/(𝜀0𝜔)n) behavior with an
exponent n close to one. However, if the ions, which are giving rise to the conductivity,
get stuck in cavities in the matrix (and the motion is restricted) so-called polarization
effects occur and the exponent n displays a value lower than one. Thus, by following
the temperature dependence of the exponent n it is possible to study structural changes
by determine how the nature of the ionic motions changes with temperature. This is
shown in Figure 1.5 for the hydrated strawberry. At low temperatures the value of the
exponent is low (around 0.5), which indicates that the conductivity is mainly due to
polarization effects. The matrix is rigid and the ionic motions are hindered to occur on
a longer length-scale. As the temperature is increased the exponent n becomes larger
and at around 250K it shows a value close to one. Thus, with increasing temperature
the matrix becomes more flexible and at 250K the ions in the strawberry matrix no
longer get stuck in confined geometries within the matrix, but instead are able to
perform long-range migration.

1.3 Glass Transition and Relaxation Dynamics of Proteins

The glass transition of hydrated proteins has been shown to be exceptionally broad
(Doster et al. 1986; Sartor et al. 1994; Miyazaki et al. 2000), and therefore, it can be
difficult to observe, particularly at low hydration levels. The origin of the broadness has
been discussed in the literature, and it has, for instance, been suggested that the hydra-
tion water forms clusters of different sizes on the protein surface (Doster et al. 1986),
or that a large distribution of relaxation times is caused by a large number of relaxing
local regions within the protein-water system (Sartor et al. 1994). Similar to the latter
explanation we will here show that a number of different protein relaxations partici-
pate in the glass transition region of hydrated proteins (Jansson et al. 2010). We are able
to make this conclusion by relating the calorimetric glass transition region ΔTg, in the
protein-solvent system, to the relaxation processes obtained by dielectric spectroscopy.
To avoid ice formation at higher solvent contents and also to determine how the viscosity
of the solvent affects the protein dynamics we have also studied the protein myoglobin
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Figure 1.5 Temperature dependence of the power-law exponent n of the conductivity contribution
((𝜎/(𝜀0𝜔)

n) to the imaginary part of the dielectric permittivity of the hydrated strawberry sample. The
increase of n with increasing temperature is due to a transition from restricted ionic motions in cavities
of the strawberry matrix to long-range ionic motions when the matrix is sufficiently mobile to “open
up” the cavities. The figure is redrawn from Jansson et al. (Jansson et al. 2005).

in different mixtures of water and glycerol. In Figure 1.6e and f we present calorimetric
results on myoglobin hydrated with h=0.5 and h=0.33 g water/g protein, respectively,
and in A-D we show corresponding data for myoglobin in water-glycerol solvents of
different amounts and concentrations (h is given by g solvent/g protein and wt% rep-
resents the weight fraction of water in the solvent). For all these samples a clear Tg can
be observed. However, it should be noted that the step in heat flow (corresponding to a
step in the heat capacity) is considerably weaker in the case of the two hydrated protein
samples. It is particularly weak and broad for the low hydrated sample (h=0.33). Hence,
the samples containing glycerol show a much stronger Tg, with a rapid change of the
heat flow at the onset temperature and weaker “tail behaviour” close to its end point.
The reason for this shape of the glass transition, and the difference compared to the
hydrated protein samples, will be clear when the calorimetric and dielectric relaxation
data are compared and discussed below.
From Figure 1.6, it is furthermore evident that the onset temperature of the glass

transition is considerably less affected by the solvent composition than the end point
of the transition, which shifts to higher temperatures with decreasing solvent content.
This implies that also the width (taken from the onset to the end point temperature)
of the transition increases with decreasing solvent content (Jansson et al. 2010; Jans-
son et al. 2011), as shown in Figure 1.7b. This figure further shows that the width of Tg
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Figure 1.6 DSC curves obtained for myoglobin in water-glycerol mixtures. The water content in the
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The insets show the derivative of the heat flow with respect to the temperature, from which the
broadness of the glass transition range was determined.
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Figure 1.7 (a) Calorimetric glass transition temperature Tg (determined by the inflection point), and
(b) broadness of the glass transition rangeΔTg (the whole transition range estimated from the
derivative of the heat flow with respect to the temperature, as shown in the inset of Fig. 1.6)) are
shown as a function of wt% water in the solvent for different solvent contents h. The error inΔTg is
±5 K. The figure is redrawn from Jansson et al. (Jansson et al. 2011).

is much more dependent on the total solvent content than the total amount of water
in the solvent, which suggests that not only the time scale of the solvent dynamics is
important for the protein dynamics but also the amount of solvent, in agreement with
findings from quasielastic neutron scattering (Jansson et al. 2009).
In Figure 1.8a, typical dielectric loss spectra are shown at different temperatures for

the myogobin sample with a h=1 and 33wt% water in the solvent (where a Teflon film
was used to reduce contributions from dc conductivity and polarisation effects). The
figure shows that several temperature dependent relaxation processes are present in the
data. In order to extract the relaxation times of these processes, each process was fitted
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Figure 1.8 (a) Temperature evolution of the imaginary part of the dielectric permittivity vs frequency
for myoglobin in a water-glycerol mixture of 33wt%water and a total solvent content of h=1. In (b) the
curve fitting is shown to visualize how the relaxation times of the different relaxation processes were
extracted from the measured data. The figure is redrawn from Jansson et al. (Jansson, H. et al. 2011).
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by theHavriliak-Negami function (Havriliak et al. 1967) (Eq. 1.4), except the slowest one
for which a more general fit function (Bergman, 2000) (Eq. 1.5) was used.

𝜀′′(𝜔) =
∑

IM
(

𝜀s − 𝜀∞

(1 + (i𝜔𝜏)𝛼)𝛽

)
(1.4)

𝜀′′(𝜔)
𝜀′′p

(1 − C)
a + b

[b(𝜔∕𝜔p)−a + a(𝜔∕𝜔p)b] + C
(1.5)

In these equations 𝜔= 2𝜋f is the angular frequency. Specific parameters for the
equations are in Eq. 1.4 the relaxation time 𝜏 , the static dielectric constant 𝜀s and the
limiting value of the dielectric constant at high frequencies 𝜀∞. The shape parameters
𝛼 and 𝛽 determine the symmetric and asymmetric broadening of the relaxation peak,
respectively. In Eq. 1.5 𝜔p and 𝜀′′p are the position and the height of the peak. The
parameters a and b are shape parameters that describe, in a log-log plot, the slope of
the peak at low and high frequency side, respectively. C is a parameter that describes
the broadening of the relaxation peak (without changing the power laws at high and
low frequency sides). Figure 1.8b shows a typical fit to one of the spectra shown in
Figure 1.8(a). At this temperature, three of totally four relaxation processes are clearly
seen. The temperature dependences of the relaxation times extracted from the curve
fitting procedure are shown in Figure 1.9 for the same samples as shown in Figure 1.6.
The VFT equation (Eq. 1.3) is used to describe global configurational changes of

cooperative character, such as the α-relaxation, whereas Eq. 1.2 describes more local
motions, such as β-relaxations. In Figure 1.9 we also show the calorimetric glass
transition ranges, ΔTg, obtained from the DSC data presented in Figure 1.6.
Let us now discuss the origin of the relaxation processes shown in Figure 1.9. The

figure shows two solvent processes, where the fastest one (process I) is a local water
process that is commonly observed in systems of confined supercooled water (Swenson
et al. 2007). Most likely, this process is due to reorientations of single water molecules,
but it will not be further discussed in this chapter since it does not seem to be related to
any protein motions (Jansson et al. 2011).The second fastest process, denoted IIa or IIb
depending on the temperature and sample composition, is due to the main relaxation
of the solvent. This interpretation is unambiguous since it is very similar (only slightly
slower) than the dielectric main relaxation of the corresponding bulk solvents (Hayashi
et al. 2005; Puzenko et al. 2005). At low water contents (20wt%), this process exhibits a
non-Arrhenius temperature dependence over the whole temperature range. Even if this
process (denoted IIa) mainly corresponds to the viscosity and glass transition related
α-relaxation, there are results from quasielastic neutron scattering (QENQ) (Jansson
et al. 2009) and time domain dielectric spectroscopy (TDDS) (Ermolina et al. 1994) that
show that this process also contains a smaller contribution of local protein motions. At
higherwater contents it can be seen in Figure 1.9 that the α-relaxation (process IIa) in the
solvent exhibits a dynamic crossover to a low temperature process (IIb) with an Arrhe-
nius dependent relaxation time.The reason for this crossover is that amore local (β-like)
w-relaxation decouples from the viscosity related α-relaxation in the solvent when it ap-
proaches its glass transition temperature. This low temperature process is mainly due
to local motions of confined water molecules (Swenson et al. 2007; Vogel, 2008; Jansson
et al. 2010; Lusceac et al. 2010) and most likely it has the same intermolecular origin as
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Figure 1.9 Dielectric relaxation times for the same six myoglobin samples as shown in Figure 1.6. Also
shown in the figure are the calorimetric glass transition ranges,ΔTg, obtained in Figure 1.6. The solid
lines show the results of the curve fitting (by Eq. 1.3) of the temperature dependence of the main
solvent relaxation in the high temperature range.
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the Johari-Goldstein β-relaxation (Capaccioli et al. 2007). Below the crossover temper-
ature the α-relaxation of the water-glycerol mixtures is generally weak compared to the
local water relaxation and therefore it is difficult to observe (in case of hydration water it
may not even exist (Swenson et al. 2006; Elamin et al. 2013)).Therefore, its temperature
dependence is extrapolated by the VFT fits shown in Figure 1.9. If the time scale of the
α-relaxation (process IIa) is compared for the different samples shown in Figure 1.9 it
can be seen that this process becomes significantly faster with increasing water fraction
for a given solvent content due to the plasticization effect of water. This process also
becomes slightly faster with increasing total solvent content, since this leads to that a
decreasing fraction of the solvent slows down by interactions with the protein. How-
ever, the water relaxation speeds up even more with increasing water fraction in the
solvent, and therefore the decoupling (or crossover) becomes more pronounced for the
water-rich samples.
From Figure 1.9 it is also evident that additional slower relaxation processes are

present. For most of the samples two such slower processes are observed. The fastest
one (process III) is attributed to arise from the relaxation of protein polar side groups,
in agreement with earlier results from time-domain reflectometry (Bone, 1987). The
time scale of this process is only slightly dependent on the composition of the solvent,
which suggests that the composition of the solvent closest to the protein surface is more
similar than the average composition.This interpretation is also supported by structural
investigations, which have shown a preference of water at the protein surface (Sinibaldi
et al. 2007). Similar findings are obtained for process IV (which is the slowest one except
for myoglobin in the water-glycerol mixture of 20wt% water and h=2), see Figure 1.9b.
The exact origin of this process is not fully established, but both its relaxation time and
temperature dependence is in excellent agreement with conformational changes of the
protein structure as determined by hole-burning spectroscopy (Shibata et al. 1998).
For the two samples of hydrated myoglobin the low temperature water process (IIb in

Figure 1.9e and f) reaches a relaxation time of 100 s at about 120K. This temperature
is far below the onset temperature of the broad Tg range, which from the DSC mea-
surements is determined to occur from 160K and 170K, respectively (see Figure 1.6e
and f). Since a local β-relaxation is not expected to participate in a glass transition, this
observation further supports that the low temperature water relaxation cannot be a vis-
cosity and glass transition related α-relaxation. Instead, the onset of the calorimetric Tg
of these samples occurs at about the same temperature as the water relaxation exhibits
the crossover to its low temperature Arrhenius dependence (see Figure 1.9e and f).This
is also the temperature where the fastest observable protein relaxation (process III in
Figure 1.9e and f) reaches a relaxation time of 100 s (i.e., on the time scale correspond-
ing to a dynamical glass transition). This important finding strongly suggests that the
onset of the calorimetric Tg occurs when the polar side groups of the protein start to
move, that is, the time scale of the motions become faster than 100 s, and also that this
onset of protein motions is caused by the crossover to more long-range diffusion (α-like
fluctuations) in the surrounding water (Hedstrom et al. 2007; Jansson et al. 2011).Thus,
the water is not giving any direct contribution to the calorimetric Tg, in agreement with
the finding that water in hard confinements does not exhibits a clear calorimetric Tg
(Elamin et al. 2013; Swenson et al. 2013) (see paragraph 4 below). Nevertheless, the
hydration water is needed since no glass transition related protein motions can occur
without large-scale motions in the solvent (Frauenfelder et al. 2009). Hence, in contrast
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tomostmaterials the glass transition is not an intrinsic property of proteins. Instead, the
glass transition and other properties of proteins are driven by motions in the solvent, as
further discussed below.
The absence of a direct contribution from water to the calorimetric Tg is in strong

contrast to the behaviour for the protein samples in water-glycerol mixtures, where
Figure 1.9 clearly shows that the α-relaxation in the solvent (process IIa) reaches a re-
laxation time of 100 s at about the same temperature as the onset of the calorimetric
Tg. This finding is fully consistent with the observation that the corresponding bulk sol-
vents exhibit a calorimetric Tg with a similar onset temperature.Thus, when the solvent
contains glycerol the whole Tg range involves the freezing-in of both the α-relaxation
in the solvent as well as different types of protein fluctuations. This difference between
hydrated myoglobin and myoglobin in water-glycerol mixtures is evident from the DSC
data shown in Figure 1.6. For the samples containing glycerol, the glass transition is
asymmetric with an inflection point close to the onset of the Tg-range. In fact, these
samples seem to contain at least two Tg components, one strong and narrow (as typical
for ordinary liquids and solutions) at the lower part of the Tg-range and one weak and
broad (as typical for hydrated proteins) at a slightly higher temperature, as seen in the
insets of Figure 1.6. This is not the case for hydrated myoglobin, where only the weak
and broad component can be observed (see Figure 1.6e and f). This implies that the
freezing-in of the cooperative and viscosity related α-relaxation in the water-glycerol
solvent makes a major contribution to the calorimetric Tg of these samples. This is in
contrast to the glass transition of hydrated myoglobin where the main contribution, as
discussed above, arises fromproteinmotions occurring on different time scales (Jansson
et al. 2010; Jansson et al. 2011). When these protein fluctuations occur on widely differ-
ent time scales, the Tg-range becomes particularly broad in accordance with previous
studies of the protein glass transition (Doster et al. 1986; Brownsey et al. 2003). Since all
the dielectric processes shown in Figure 1.9 reach a time scale of 100 s at considerably
lower temperatures than the end point of the calorimetric Tg-range this further im-
plies that also other slower protein relaxations must contribute to the calorimetrically
observed Tg, although these are obviously too weak to be observable in the dielectric
measurements.
From the dielectric relaxation times shown in Figure 1.9 it is clear that these protein

relaxation processes only occur above Tg, or above the dynamic crossover temperature
in the case of hydratedmyoglobin. Furthermore, it can be seen that the protein processes
exhibit similar temperature dependences as the α-relaxation of the solvent. This is even
more evident in Figure 1.10, where the relaxation times of the protein processes have
been plotted as a function of the relaxation time for the α-process in the solvent (pro-
cess IIa in Figure 1.9). The figure shows that there are linear dependences (i.e., slopes of
unity in the log-log plots) for all the shown protein processes and sample compositions,
although the dependences are less accurate for the hydrated samples (Figures 1.10e and
f) where the protein processes are rather weak and it is difficult to extract the relaxation
timeswith certainty (the error bars in the relaxation times are therefore somewhat larger
than for samples of higher solvent content). Such identical temperature dependences for
solvent and protein relaxations are, indeed, predicted by the “slaving model” (Frauen-
felder et al. 1991; Fenimore et al. 2002; Frauenfelder et al. 2009).Therefore, our findings
support the study by Fenimore et al. (Fenimore et al. 2002), where it was shown that the
more global conformational changes of a protein are directly caused by the α-relaxation
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Figure 1.10 Relaxation times of the protein processes are shown as a function of the relaxation time
of the α-process in the solvent. The protein processes are the same (same symbols) as shown in
Figure 1.9. Note the almost perfect linear dependences for all protein processes and samples, except
for the hydrated samples (e and f) where the temperature dependences of the protein relaxations are
difficult to determine with good accuracy.
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in the surrounding solvent. It should here be noted that the reason for that the pro-
tein motions are generally slower (typically 103 – 106 times slower) than the related
α-relaxation in the solvent is that a conformational change of a protein often requires a
large number of elementary steps, which can only take place if the solvent moves.

1.4 Confined Aqueous Solutions and the Failure
of Gordon-Taylor Extrapolations to High-Water Contents

Let us now focus on what is happening with aqueous solutions of higher water con-
tents, that is, in the dilute regime approaching pure water. As discussed in Section 1.2
above, such dilute solutions can unfortunately not be studied in the deeply supercooled
regime without any substantial ice formation. The only way to reach such concentra-
tion and temperature ranges is to apply some kind of geometrical confinement to the
solution. This “trick” was applied to glycerol (which normally do not crystallize), water
and their mixtures by confining them in 21 Å pores of a MCM-41 silica matrix. The re-
sults obtained by DSC are shown in Figure 1.11 and, in agreement with previous studies
of water confined in the same silica matrix (Takahara et al. 1999; Kittaka et al. 2006;
Sjostrom et al. 2008; Yoshida et al. 2008), it is evident that no crystallization or melt-
ing events can be observed for any concentration, including pure water. In fact, 21 Å
is the biggest pore size for which there is no obvious calorimetric signature of crystal-
lization of water (Kittaka et al. 2006). Furthermore, it is directly evident from the figure
that Tg is fairly constant in the concentration range up to 85wt% water. This behaviour
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Figure 1.11 DSC heating scans of water-glycerol solutions confined in the 21 Å pores of MCM-41 C10.
The concentration of water in each solution is given in the figure. The curves are vertically shifted for
clarity. The figure is redrawn from Elamin et al. (Elamin et al. 2013).
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Figure 1.12 Concentration dependences of the glass transition temperature. Calorimetric values are
shown for both confined solutions, obtained from the DSC data shown in Figure 1.11 (solid squares),
and bulk solutions (open squares). Dynamic glass transitions, estimated as the temperature where the
α-relaxation reaches a time scale of 100 s, are also shown for the confined solutions (solid circles). The
dashed lines between the data points are just a guide for the eye. The figure is redrawn from Elamin
et al. (Elamin et al. 2013).

is in strong contrast to the concentration dependence of Tg for the corresponding bulk
solutions, where a pronounced plasticization effect of water is evident up to a water
concentration of about 40wt% (where crystallization occurs), as seen in Figure 1.12. (At
higher water concentrations the bulk solutions become freeze-concentrated with an ef-
fective water concentration of about 22wt%). The almost concentration independent
Tg of the confined solutions up to 85wt% water can be explained by a surface-induced
micro-phase separation of the mixtures into two more or less separate liquids. The rea-
son for this micro-phase separation should be that water has a stronger tendency to
coordinate to the hydroxyl groups of the inner pore surface, leaving most of the glycerol
molecules clustered in the centre of the pores. The observed Tg should then be associ-
ated with the glass transition of the glycerol clusters, since the confined water molecules
do not give rise to any Tg feature, as seen in Figure 1.11 and as further discussed below.
The almost concentration independent Tg is then expected to remain until the glycerol
part becomes so diluted that no significant glycerol clusters are formed. This is likely
what is seen in Figure 1.11 at 90wt% water, where the very broad step of Tg suggests
that the glycerol molecules have widely different local environments. From Figures 1.11
and 1.12 it is also evident that Tg increases rapidly at very high water concentrations
of around 90wt%. However, let us wait to discuss the implications of this observation
and first focus on the rapid decrease of the amplitude of the calorimetric glass transition
with increasing water content at the highest water concentrations. The observation in
Figure 1.11, that no Tg can be detected for the present sample of confined water, is in
agreement with previous studies of supercooled water confined in different types of host
materials (Takahara et al. 1999; Swenson 2004; Kittaka et al. 2006; Swenson et al. 2006;
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Hedstrom et al. 2007; Swenson et al. 2007; Johari, 2009; Kittaka et al. 2009; Jansson et al.
2010; Jansson et al. 2011; Swenson et al. 2013).Thus, the present findings are very simi-
lar to what we observed for proteins in Section 1.3, where a water-glycerol solvent gave
a major contribution to the calorimetric Tg in contrast to a hydrated protein, where the
hydration water gave no direct contribution to the broad Tg of the protein (Jansson et al.
2010; Jansson et al. 2011).
The observation that no clear calorimetric Tg can be observed for confined water is

puzzling since most types of liquids, of which glycerol is one example, exhibit a calori-
metric glass transition and an associated structural relaxation process provided that the
confinement is not extremely severe in comparison to the size of themolecules (Swenson
et al. 2006). A possible explanation for the unique behaviour of confined water might be
that there is a reduced possibility for the water molecules in the confinement to access
the same configurational space as in bulk water, that is, a smaller number of structural
configurations may be accessible in the confinement, which, in turn, should reduce the
step in the heat capacity, ΔCp, at Tg. Since even the most accepted Tg of bulk water at
136K is associated with only a smallΔCp of about 2 Jmol−1 K−1 (Hallbrucker et al. 1989)
it is possible that Tg of confined water becomes so weak that it cannot be observed in
an ordinary DSC measurement. Another hypothesis for why no calorimetric Tg can be
detected for confined water is that the molecular rearrangements responsible for the
glass transition of bulk water require an extended three-dimensional network of hydro-
gen bonded water molecules, which simply cannot be formed in pore sizes of about 20
Å or less. This hypothesis is further supported by the belief that a hydrogen bonded
tetrahedral network structure is completed in bulk water around the homogenous nu-
cleation temperature of about 235K (Ito et al. 1999). Such a network structure may lead
to viscosity-related molecular rearrangements of exceptionally large volumes. Further-
more, the rapid growing of these cooperatively rearranging regions in this temperature
range may cause a similar rapid increase of the glass transition related structural relax-
ation time, leading to a true Tg of bulk water as high as 228K (Swenson et al. 2010),
where dynamical quantities, such as viscosity and diffusion constant, seem to extrap-
olate to infinity (Speedy et al. 1976; Hodge et al. 1978). The present findings for the
confined water-glycerol solutions support this latter hypothesis, as further discussed
below.
The results from the DSC measurements, presented in Figures 1.11 and 1.12, show-

ing that Tg is almost concentration independent up to 85wt% water and thereafter in-
creases rapidly at the highest water contents, at the same time as its calorimetric feature
decreases to an infinitely small signal for confined water, are supported by dielectric re-
laxation measurements. Figure 1.13 shows how the time scale of the viscosity related
structural α-relaxation is fairly concentration independent up to 80wt% water, but that
it increases substantially at 90wt% water, and thereafter vanish (at least at low tem-
peratures) for the sample of confined water. Thus, both the calorimetric and dielectric
relaxation data provide the same picture of a slowing down of the viscosity related dy-
namics when the concentration approaching confined water, but that this dynamics also
vanish before that concentration is reached. This implies that only a more local water
(w-) relaxation, which is similar to the β-relaxation of confined glycerol, can be observed
for confined water at low temperatures, see Figure 1.13. This local relaxation process is
similar for all concentrations. However, only the sample of confined water is lacking the
slower α-relaxation, with its characteristic non-Arrhenius temperature dependence and
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Figure 1.13 Arrhenius plot of dielectric relaxation times of the 𝛼 and w (or 𝛽) processes of the
confined solutions. The water concentration of each sample is given in the figure. The figure is redrawn
from Elamin et al. (Elamin et al. 2013).

its strong relation to the calorimetric Tg.The latter implies that a dynamical glass transi-
tion temperature can be estimated as the temperature for which the α-relaxation reaches
a time scale of 100 s. Such Tg values have been estimated from Figure 1.13, and are pre-
sented in Figure 1.12 in comparison with the calorimetric Tg. The slightly lower values
of the dynamic Tg can be explained by the fact the calorimetric Tg-values were defined
as the inflection point in the step of the heat capacity, instead of its onset temperature,
which commonly gives a better agreement with dielectric estimations of Tg.
Let us now return to the observation of a rapidly increased Tg at the highest wa-

ter concentrations. In Figure 1.12 it can be seen that the “average Tg-value” for water
concentrations up to 80wt% increases from around 176K to about 187K at 90wt%
water (for the dielectrically determined dynamic Tg the increase is even larger). This
implies that the surrounding water molecules have an antiplasticization effect on the
glycerol molecules in this concentration and temperature range. However, due to the
large amount of water and the low solute concentration it is more appropriate to express
it the other way around, that is, that glycerol has a plasticization effect on the confined
water. Considering the knowledge we have about deeply supercooled water this is not
a surprising finding since the glycerol molecules are expected to break up, and thereby
softens, the nearly tetrahedral network structure of the confined water in the tempera-
ture range of Tg. Thus, the addition of solute molecules to deeply supercooled confined
water is likely to reduce the hydrogen bonding, leading to an increased flexibility and
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more mobile molecules than in the more rigid tetrahedral network structure of pure
water at these temperatures. In fact, this plasticization effect of solute molecules on
the glass transition related dynamics of deeply supercooled water should have a sim-
ilar origin as the commonly observed confinement induced speeding up of the same
dynamics close to Tg (Alcoutlabi et al. 2005). Both the addition of “guest molecules”,
such as glycerol, and geometrical confinements reduce the average number of hydro-
gen bonds in supercooled water (Rovere et al. 1998), and thereby increase the flexibility
of the network structure and, consequently, the water molecules become more mobile.
This further implies that, in our case when the water is affected by both guest molecules
(i.e., glycerol) and a confining geometry, the observed Tg of about 187K at 90wt% water
should be considerably lower than for bulk water, where a value above 200K is expected
from the present study. In agreement with these findings and interpretations is also a
fast scanning calorimetry study of diluted aqueous bulk solutions, showing that guest
molecules have a similar plasticization effect also on bulk water (McCartney et al. 2013).
Also this study supported a Tg of bulk water above 200K (McCartney et al. 2013).
From several previous studies (Elamin et al. 2013; McCartney et al. 2013) as well as

the present study it is evident that the Gordon-Taylor equation cannot be used to esti-
mate Tg of pure water or highly diluted aqueous solutions from the more concentrated
aqueous solutions, since the monotonic concentration dependence the Gordon-Taylor
equation is based on is not maintained at the highest water concentrations. Thus, since
most aqueous solutions crystallize at water concentrations above approximately 40wt%
the extrapolations have to be based on the concentration dependence observed in the
rangewherewater generally has a plasticization effect on the other component, as shown
in Figure 1.12 for the water-glycerol bulk solutions up to 35wt% water where no ice is
formed during cooling.This implies that the completely different behaviour we observe
at very high water concentrations is not considered in such extrapolations. This also
means that the use of the Gordon-Taylor equation (Gordon et al. 1952), to support a Tg
of bulk water around 135 K, is incorrect, despite its common approach in the literature.

1.5 Concluding Discussion

In this chapter the glass transition and its related dynamics of water containingmaterials
have been discussed. It has been shown that the properties of thesematerials are strongly
determined by their water contents. In the case of foodmaterials and sugar solutions the
water is mainly giving rise to a strong plasticizing effect on the system, which reduces its
glass transition temperature dramatically. However, as shown for the confined solutions
in Section 1.4, this plasticizing effect of water does not continue to very high water con-
tents, due to the strong network character of the hydrogen bonds in deeply supercooled
water. Thus, water behaves very differently in systems of low and high water contents,
and this, in turn, leads to a breakdown of the Gordon-Taylor equation (Gordon et al.
1952) at high water contents.
In the case of proteins, the surrounding water plays an evenmore important role since

proteins would be un-functioning without an appropriate solvent. The water is directly
causing the proteinmotions that are required for their biological activities (Frauenfelder
et al. 1991; Vitkup et al. 2000; Tarek et al. 2002; Fenimore et al. 2004; Doster et al. 2005).
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Thus, the protein functions are “slaved” by the motions in the surrounding water. How-
ever, the glass transition range of hydrated myoglobin, as also shown in Figure 1.9e and
f, is located at a too high temperature and is too broad to be associated with a glass
transition of the hydration water. An extrapolation of process IIa to a relaxation time of
100 s gives a dynamic glass transition temperature of about 150 K, which is far below
the temperature range of the observed glass transition. Hence, even if the α-relaxation
of the hydration water (process IIa) had continued below the crossover temperature at
160–170K it had not been possible to associate it with the observed calorimetric glass
transition. However, the lack of an observable calorimetric glass transition of the protein
hydration water is fully consistent with calorimetric and dielectric results on water con-
fined in other types of systems (Swenson et al. 2007; Sjostrom et al. 2008; Cerveny et al.
2010). Thus, protein hydration water is no exception, but behaves both calorimetrically
and dielectrically as interfacial water in general. The reason for that interfacial water
lack a clear calorimetric glass transition is not fully clear, but most likely motions as-
sociated to the glass transition (i.e., the viscosity related α-relaxation) vanish before the
glass transition temperature is reached, as also suggested from the dielectric relaxation
measurements where no α-relaxation can be observed for the hydration water below
the dynamic crossover temperature. This relaxation behaviour of confined water can
be understood from Figure 1.14, which shows schematic scenarios of the temperature
dependent dynamics of a typical bulk liquid (A) and confined water (B). The typical
non-Arrhenius temperature dependence of the viscosity related α-relaxation in a bulk
liquid (A) is commonly explained by an increasing number ofmolecules (i.e., an increas-
ing length-scale) involved in the cooperative rearrangement of molecules associated to
the relaxation process. However, if the length-scale of this cooperativity exceeds the
size of a geometrical confinement (B) the cooperativity length can no longer grow with
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Figure 1.14 (a) A schematic description of a typical temperature dependence of the viscosity related
α-relaxation in a bulk liquid. The figure shows how the activation energy increases with decreasing
temperature due to an increasing number of molecules involved in the cooperative rearrangement of
molecules associated to the relaxation process. (b) A possible relaxation scenario for confined water. In
this case the length-scale of the cooperativity can no longer grow with decreasing temperature if the
cooperativity length exceeds the size of the geometrical confinement. Instead, a crossover to a more
local (β-like) relaxation occurs. Figure (a) is redrawn fromMonasterio et al. (Monasterio et al. 2013).
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decreasing temperature, and this may prevent this type of viscosity related relaxation
process to occur. Instead, a crossover to a more local (β-relaxation) occurs, since this
process should not be substantially affected by the restricted geometry.
To conclude, in this chapter we have discussed how water behaves in biological and

food related materials and how the presence of this water affects the dynamical proper-
ties of thesematerials.The results indicate that water not only exhibits, and gives rise to,
some universal features, but also that the relaxation properties of these water contain-
ing systems are fairly poorly understood, particularly in the deeply supercooled regime
close to Tg. The important hydrogen bonding of water can also influence the structural
and dynamical properties of a system very differently depending on the chemical na-
tures of the other components in the system. Therefore, plasticization effects as well as
antiplasticization effects of water can be obtained, and these effects may shift with the
water content. This makes it impossible to predict the concentration dependence of the
dynamics and Tg over wide water concentration ranges. To understand the dynamical
behaviour of supercooled water and its implications for the properties of water contain-
ing systems it is clear that further investigations of the role of water and its hydrogen
bonds for material properties are needed.
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