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Abstract Given the complexity in composition and the

various environmental conditions to which foods and

pharmaceuticals are exposed during processing and stor-

age, stability, functionality, and quality are key attributes

that deserve careful attention. Quality and stability of foods

and pharmaceuticals are mainly affected by environmental

conditions such as temperature, humidity, and time, and for

processing conditions (e.g., shear, pressure) under which

they may undergo physical and chemical transformations.

Glass transition is a key phenomenon which is useful to

understand how external conditions affect physical changes

on materials. Consequently, theories that predict and

describe the glass transition phenomenon are of a great

interest not only for the food industry but also it extends to

the pharmaceutical and polymer industries. It is important

to emphasize that the materials of relevance in these

industries are interchangeably sharing similar issues on

functionality and their association with the glass transition

phenomenon. Development of new materials and under-

standing the physicochemical behavior of existing ones

require a scientific foundation that translates into safe and

high-quality foods, improved quality of pharmaceuticals

and nutraceuticals with lower risk to patients, and

functional efficacy of polymers used in food and medicinal

products. This review addresses the glass transition phe-

nomenon from a kinetics and thermodynamics standpoint

by presenting existing models that are able to estimate the

glass transition temperature. It also explores traditional and

novel methods used for the characterization of the glass

transition phenomenon.
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Introduction

Although most foods, and in a lesser extent pharmaceuti-

cal, are encountered at states that are far from equilibrium,

the properties of these materials are commonly determined

assuming equilibrium states. However, the glassy state of

materials corresponds to a nonequilibrium solid state, in

which the molecules forming the material are randomly

arranged occupying a volume larger than that of the crys-

talline state having a similar composition. These glassy

materials are referred to as amorphous solids [72, 97, 159,

188]. A glassy material is formed when a melt or liquid

having a disordered molecular structure is cooled below its

crystalline melting temperature, Tm, at a rate sufficiently

fast to avoid rearrangement of molecules that may result in

crystallization [58, 99]. The glass transition phenomenon

was discovered and started to be discussed in publications

around 1930s. Donth [54] gives a list of earlier very

enlightening quotes of researchers that observed the tran-

sition phenomenon covering a period from 1930 to 1958.

Figure 1 schematically illustrates the effect that the

cooling paths have on the formation of crystalline and

glassy solids. Moreover, different cooling rates may result
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in glasses having the same chemical composition but, due

to the different thermal history, with different structures

and properties. Thus, prediction of these properties does

not match up with the idea of the equilibrium state in which

the properties are uniquely determined by the material

itself and its state. The change in the material structure with

different heating or cooling rates, and probably with other

treatments, results in the formation of glasses with different

levels of energy [206]. This energy is computed by the

material entropy, enthalpy, or a combination of these two

properties, the free energy. Since glassy solids are con-

sidered to be in a state of nonequilibrium, the stability of

the material is therefore dependent on several factors,

which include temperature, water content, molecular

weight and, as discussed, the thermal history undergone by

the material before reaching the specific glassy state. Many

of these factors affect the temperature range at which a

glassy solid transitions into a leathery or rubbery state, a

range of temperatures known as the glass transition tem-

perature range [71, 103, 158, 179]. The glass transition

temperature range of an amorphous material affects its

thermomechanical properties [12, 82, 113, 188]. At tem-

peratures below the glass transition range, amorphous

solids are stiff and glassy. Upon heating, these solids soften

as they exceed their characteristic Tg range [188]. At the

glass transition range, other physical properties associated

with increases in molecular mobility are also significantly

affected by and consequently vary accordingly [179].

Unlike plastics and rubbers, plasticized cereals are not

brittle at temperatures below their glass transition rather

they exhibit limited elasticity. It must be noted that the

apparent increase in the elastic modulus observed in these

foods is more associated to an increase in their toughness at

low temperatures. Glass transition in amorphous solids is a

function of temperature, time, composition, molecular

weight, and water activity [71, 82, 91, 103, 179–181]. It

should be noted that the transition from a glassy state to a

rubbery state is a change in the physical state and not a

change of phase in the material [58]. Therefore, it can be

considered as a kinetic phenomenon instead of one that is

described by thermodynamic relationships that are only

valid under equilibrium conditions. Many researchers have

considered the glass transition phenomenon as a kinetic

event [14, 17, 51, 79, 101, 112, 197] as opposed to a

thermodynamic transition such as melting. The glass

transition phenomenon has been described to have char-

acteristics of a second-order transition [30]. That is, during

glass–rubber transition of materials in the glassy state, shift

in heat capacity, temperature derivative, and coefficient of

expansion can be described by smooth changes in these

properties, which is clearly opposed to the observed dis-

continuities in properties such as enthalpy and volume

observed during the course of melting of crystalline

materials [188, 206]. It is observed that this change in

properties such as heat capacity occurs over a range of

temperatures rather than at one fixed temperature [148,

206], and could be explained as the need of additional

energy to generate an increase in volume so that a larger

motion of molecules is allowed [206].

For a thermodynamic event, the change in Gibbs free

energy, DG can be calculated from the changes in enthalpy,

DH, and entropy, DS, of the system according to the fol-

lowing equation:

DG ¼ DH � T � DS ð1Þ

For transitions of the first order, the system exhibits

changes in enthalpy and entropy, as well as in heat

capacity, Cp which are associated to the change in the

phase of the system; nonetheless, the two phases may

coexist only at the transition temperature [84]. Figure 2

shows how enthalpy and entropy vary as a function of

temperature before and after a phase transition such as

melting. Both thermodynamic quantities are discontinuous

at the phase transition and so it does the material heat

capacity, Cp [36, 84]. During glass transitions, the system

does not show changes in entropy, but continuous changes

in heat capacity can be observed (Table 1). As indicated in
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Fig. 1 Schematic of two different cooling paths to produce a solid.

Rapid cooling (or quench cooling) leads to the formation of a

disordered system, an amorphous solid, whereas a slow cooling rate

results in an ordered structure, crystal [99]
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Fig. 2 Behavior of enthalpy and entropy as a function of temperature

before and after the phase change temperature, e.g., melting

temperature [36, 84]
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Table 1 the change of the heat capacity of a material during

a glass transition is related to the second-order derivative of

the Gibbs free energy, and for that reason, the glass tran-

sition is considered to be a second-order event or transition

[36, 84, 138]. It should be also noted that although the

conformational changes occurring during a glass transition

may result in changes of entropy of the system, they are

small when compared to the corresponding changes in its

enthalpy [188, 198].

Despite the intense debate on the subject, the type of

transformation driving the conversion from a liquid to a

glass upon cooling (and vice versa upon heating) and

whether that transition can be described by equilibrium

thermodynamics relationships like those used to describe

condensation or crystallization is still unknown [109].

Glass Transition Theories

There are known theories describing the behavior of

polymers and other materials near their glass transition

temperature range. These theories have been applied to

predict glass transition of foods and pharmaceuticals with

some success. The major theories include: free-volume,

kinetic, and thermodynamic theories. Although all three

examine different aspects of the glass transition phenom-

enon, they can be incorporated to describe a number of

systems [188]. In addition to these theories, the typical

second-order transition temperature observed during the

glass transition event has been characterized either as an

iso-viscous [29, 100] or an iso-free volume state [63, 68].

Although not directly related to foods, new models have

been developed to describe the mechanical response of

polymers and thermoplastic elastomers [13, 170].

Free-Volume Theory

The space within the polymer domain that is available for

rotation and translational movements is considered as a

free volume that will favor the mobility of macromole-

cules. It may also be thought of as the excess volume which

is occupied by voids [122]. Above the glass transition

temperature range, the free volume increases linearly with

temperature as does the mobility of the polymeric mole-

cules. When a polymer, above the glass transition tem-

perature range, is cooled, the decreasing free volume

reaches a point where there is insufficient space for long-

range molecular motions [188]. The free volume can also

be defined as the excess volume which can be redistributed

freely without energy change [198].

The free-volume theory explains the dependence of the

glass transition temperature with pressure, crosslink den-

sity, and molecular weight of the system. As pressure

increases, the free volume decreases, and to maintain the

molecular motion characteristic of the rubbery state, the

temperature must be increased, thus resulting in an

increased measured glass transition temperature range [59].

An increase in the glass transition temperature can be

observed as the crosslink density of polymers increases

mainly due to an effective decrease in the free volume [66,

117]. As for the effect of molecular weight on the glass

transition temperature, earlier studies have been conducted

[59, 102] showing that as the molecular weight of the

polymer increases the free volume decreases and thus the

glass transition temperature must increase.

A number of models have been proposed to describe the

free-volume concept and explain the glass transition phe-

nomenon. Those theories are described in the following

sections.

Fox–Flory Equation

Fox and Flory [63] studied the relationship between glass

transition and free volume for selected polymers as a

function of molecular weight and the polymer relaxation

time, which is a parameter strongly affected by the nature

and structure of the polymeric material. The free-volume

concept can be seen as the volume that the molecules of the

material occupy in the liquid, which for polymeric systems

is the vast majority of the space of the total volume.

However, part of that volume corresponds to the polymer

itself and part is the inaccessible volume that is blocked

from access by steric effects [163]. The free volume, vf, of

a material having an infinite molecular weight at a specific

temperature T, above and below the glass transition tem-

perature can be expressed as

vf ¼ K þ ðaR � aGÞ � T ð2Þ

where K is a constant related to the free volume of the

polymeric system at 0 K, T is the absolute temperature, and

aR and aG are the volume expansion coefficients of the

material at the rubbery and glassy states, respectively. It

was found that below the glass transition temperature Tg,

the local conformational arrangement of the polymer is

independent of temperature and molecular weight, thus

having the same free volume. Consequently, the glass

transition temperature can be considered as an iso-free-

volume state. Close to the glass transition temperature, the

volume of the system consists on the free volume of the

Table 1 Summary of thermodynamic of transitions (from [206])

First-order transition Second-order transition

oDG
oT ¼ �DS = 0 = 0

o2DG
o2T
¼ �DCp

T = 0 = 0
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molecules plus a remaining small fraction of the volume

that is free to be used for molecular motion. As the liquid is

cooled, its density increases and its free volume decreases

which slows the mobility of the molecules [163]. For a

given polymer, a second-order transition may occur at a

temperature at which the fractional free volume, f, of the

system reaches a certain critical value [63, 64, 66] where f

is defined as the ratio of the free volume occupied by the

molecules to the total volume, f ¼ vf=ðvf þ voÞ;vo and vf

are the volumes of the voids and that occupied by the

molecules, respectively.

Assuming that the glass transition of polymers is an iso-

free-volume state, Simha and Boyer [177] postulated that

the free volume, vf, at Tg is constant and can be obtained by

the following equation:

vf ¼ v� ðvO;R þ aG � TÞ ð3Þ

where vO,R is the hypothetical volume occupied by the

material at the absolute zero temperature (Fig. 3), and v is

the total volume given as: v = vf ? vo. The labels aR and

aG in Fig. 3 are the values of the slopes of the volume–

temperature relationship at the rubbery and glass states,

respectively which as mentioned above are defined as the

volume expansion coefficients of the material at these two

states. In addition, a relationship between the coefficients

of expansion and the glass transition temperature was

derived assuming that at T = Tg, the free volume fraction is

the same for all polymers:

ðaR � aGÞ � Tg ¼ K1 ð4Þ

where K1 is a constant, or by a different expression as

aL � Tg ¼ K2 ð5Þ

where K2 is a constant and aL is the coefficient of volume

expansion of the material at the liquid state. Studying a

wide variety of polymers covering a wide range of glass

temperatures, Simha and Boyer [177] determined K1 as

0.113 and K2 as 0.164. Experimental results, however,

showed a better agreement when Eq. 4 was used. By

considering that the volume expansion coefficient is

defined as 1=VðoV=oTÞP and using Eq. 4, it can be con-

cluded that the iso-free-volume condition holds and the

change in the free volume of the polymer at the glass

transition temperature is constant and is equal to 0.113 or

11.3% of the total occupied volume [177].

Williams–Landel–Ferry (WLF) Equation

Flow is a form of molecular motion that depends upon the

relative volume of molecules in a given free space; in other

words, flow requires a critical amount of free volume [55].

Thus, it is possible to find out written in many reports that

polymer melt viscosity and free volume are correlated.

Earlier studies by Doolittle [55] described a relationship

between viscosity of nonassociated pure liquids and free

space as

g ¼ A � eB=ðvf=voÞ or ln ðgÞ ¼ B � vo

vf

þ ln A ð6Þ

where g is the viscosity, vf/vo is the relative free space for a

single substance, and A and B are constants.

Based on the above equation and on the assumption that

free volume increases linearly above the glass transition

temperature, Williams et al. [203] described the tempera-

ture dependence of all mechanical relaxation processes

using an empirical function. Accordingly, the ratio aT of

any mechanical parameter at a given temperature to its

value at a reference temperature TS is a function of the

temperature. This ratio can be expressed by the equation:

log aT ¼ �
8:86 � ðT � TSÞ

101:6þ ðT � TSÞ
ð7Þ

where TS is the reference temperature chosen to be 50 �C

above Tg and aT is the ratio of the viscosity at temperature

T to the viscosity at the chosen temperature TS, i.e., g=gS.

Alternatively, if the reference temperature is chosen as Tg,

then the WLF equation can be written as

log aT ¼ �
17:44 � ðT � TgÞ
51:6þ ðT � TgÞ

ð8Þ

However, the WLF equation fails to predict material

properties at temperatures 50 �C above TS or 100 �C above

Tg, i.e., at conditions where the behavior of the material

deviates from that associated with the glassy state [203].

The WLF equation assigns the value of 0.025 for the free

volume at the glass transition temperature for any polymer,

as compared to 0.113 calculated by Simha and Boyer

[177]. Thus, it is commonly assumed that the WLF
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Fig. 3 Schematic of the free volume as a function of temperature

calculated by the Simha and Boyer [177] approach
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equation describes a universal non-Arrhenius effect of

temperature on viscosities and relaxation times around the

glass transition region [9]. While for a few synthetic

polymeric materials the constants given in Eq. 8 appear to

be universal, that does not seem to be the case for many

synthetic and natural polymers for which and the equation

should be written as

log aT ¼
�C1ðT � TgÞ
C2 þ ðT � TgÞ

ð9Þ

where the parameters C1 and C2 are merely fitting

parameters and calculated from a linear regression on a plot

of ðT � TgÞ= log aT versus (T - Tg) [132]. The universality

of the WLF equation has been also discussed by Yildiz and

Kokini [208], who showed that the parameters C1 and C2 in

Eq. 9 for foods are not universal and they are highly

dependent on conditions such as moisture content and

water activity, although these two variable are mutually

related by the corresponding moisture isotherms. However,

this is not one of the few problems in using the WLF

equation. Slade and Levine [181] assumed that Tg can be

approached by iso-viscosity curves but the type of equation

describing the WLF model clearly shows that even for

small temperature deviations the viscosity of the material

would never be constant for temperatures in the vicinity of

Tg.

Applications of the WLF equation extend beyond the

viscosity ratio and the shift factor, aT, can represent the

ratio of any mechanical property [58]. The WLF equation

has been considered to describe physical changes in food

and biological materials [142, 146, 160, 179, 185]. How-

ever, since the WLF equation only fits stiffness–tempera-

ture relationships that possess an upward concavity, other

equations have been developed to better describe the

mechanical behavior of biomaterials at and around their

glass transition [148]. For example, the stiffness–temper-

ature relationship of a biomaterial at a constant water

activity can be described by the Fermi model as

YðTÞ ¼ YS �
1

1þ eðT � TcÞ=a
ð10Þ

where Y(T) is the magnitude of stiffness or any other

mechanical property, Ys is the magnitude of that parameter

at the glassy state, Tc is the characteristic temperature, and

a is a constant. This equation provides a consistent

description of the mechanical behavior at and around the

glass transition region where the curve has a downward

concavity, whereas at temperatures above the glass tran-

sition, the curve shifts to an upward concavity [147, 148],

and can also describe a plateau in the vicinity of Tg of the

measured property. It must be noted that all these equations

are empirical and provide a fitting that describes the effects

of temperature on the mechanical properties of the

material. Thus, assigning physical meaning to parameters

involved in these equations that may be associated to

mobility and material relaxation phenomenon is not

appropriate and should be seen with extreme caution.

In addition to the various approaches to explain the free-

volume theory and its applications, experimental studies

have been conducted to actually measure the free volume

and the free-volume distribution of polymeric systems

using a technique called the positron annihilation lifetime

spectroscopy (PALS) [43, 106, 115, 211]. The PALS is a

microprobe that is capable of determining the holes and

free volume in a given material by monitoring the lifetime

of a positron, a positive charged electron, and a positro-

nium, Ps—a bound atom consisting of an electron and the

positron. These studies estimate that the fraction of free

volume vary from 2 to 11% of the total volume [115],

which is in agreement to the volume fractions determined

using more theoretical approaches [177, 203].

Kinetic Theory

The kinetic theory defines the glass transition temperature

as a temperature at which the relaxation times of the

molecules present in the system are of the same order of

magnitude as the time scale of the experiment. This theory

examines the effect of the heating/cooling rate and how the

system evolves during the glass transition phenomenon

taking into account the respective motions of the empty

space and the molecules. Thus, decreasing the time frame

of an experiment, i.e., the rate of either heating or cooling

would reveal an increase in the glass transition tempera-

ture. This phenomenon is clearly illustrated in Table 2

[21], which shows the influence of heating rate on the

measured glass transition of polystyrene. Higher heating

rates are generally associated with shorter experimental

time scales, which would provide less time for potential

motion of the molecules and consequently result in higher

measurable glass transitions. These results led to conclude

that glass transition is a kinetically based phase transfor-

mation [51]. The effect of heating rate on Tg determination

is an important consideration that involves the testing itself

as well as a way to evaluate the role of Tg on the processing

and storage of foods and pharmaceuticals. Typical heating

rates used during testing vary between 1 and 10 �C min-1

and although they are of the same order of magnitude than

rates used in process like drying by air convection, they

may result large compared to characteristic times for other

processes like spray drying or expansion during extrusion

which could be on the order of milliseconds. The situation

changes drastically when storage of food pharmaceutical is

considered. In general, these products are stored at tem-

peratures below the Tg so mobility is greatly reduced and
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relevant rates could be of days and even years. However,

there are reports that even at temperature well below the

glass transition these materials experience molecular

reorganization approaching to equilibrium, a phenomenon

that is known as physical aging. The phenomenon of

physical aging has been investigated for many polymers

[86], pharmaceuticals [83], and foods [38, 140].

The WLF equation has served to introduce kinetic

aspects on the glass transition phenomenon because it

suggests a relationship between the viscosity of the mate-

rial and the glass transition temperature. That being said

and since the viscosity is a time-dependent property, par-

ticularly when the physical chemical properties of the

material change during storage or processing, one could

conclude that glass transition is also a time-dependent

phenomenon; in other words, a rate-dependent dynamic

transition.

Thermodynamic Theory: Entropy Models

The entropy theory, a thermodynamic approach, is based

on the assumption that a glass is a stable state of matter that

can be achieved by a thermodynamic second-order transi-

tion observable by a significant change in the slope of the

energy or entropy versus temperature curves [122]. With-

out that assumption, the extrapolation of the energy and

entropy to temperatures below the glass transition tem-

perature would result in values of energy and entropy for

the glassy material falling below that of the corresponding

crystal [99]. This phenomenon, referred as the Kauzmann

paradox, is contradictory because it presumes that the

entropy of an ordered crystal is higher than that of the

disordered amorphous glassy solid. This temperature is

referred to as the Kauzmann temperature, Tk [99, 187,

189]. The Kauzmann paradox was explained by Kauzmann

himself assuming that super-cooled liquids crystallize

before the Kauzmann temperature. Other explanations to

justify this paradox referred to a failure of the extrapolation

methodology, and that was the main reason to assume

changes on the slope of the energy and entropy versus

temperature curves at the glass transition region, which

would invalidate the extrapolations.

The theory is mainly based on a lattice model described

by Flory [60] for polymeric systems, which describes the

number of ways that polymer chains and voids can be

arranged in a lattice and calculates the respective thermo-

dynamic properties based on those configurations [122].

However, the theory was not able to solve the Kauzmann

paradox. Gibbs and DiMarzio in a series of papers modified

Flory theory to explain the glass transition phenomenon

including the Kauzmann paradox [47, 48, 72]. They

assumed that the relaxation time of the amorphous system

is controlled by the configurational entropy. Accordingly,

in infinitely slow experiments, the glassy phase will

eventually reach an equilibrium state and a glass with

entropy slightly higher than that of a crystal will emerge;

i.e., glass transition occurs when the configurational

entropy, Sc, reaches a critical small value very close to

zero.

Although the thermodynamic theory has not been

directly applied to foods and pharmaceuticals, it has been

successful in predicting various phenomena that may be

associated to the behavior of these materials. These include

the variation of the glass transition temperature as a func-

tion of molecular weight [131], cross-link density [43], and

plasticizer content [3]. Its applications also extend to pre-

dict the glass transition temperature of binary polymer

blends as a function of its components mass fractions and

individual glass transition temperatures [46, 49].

Evaluation of the Glass Transition Theories and Their

Applications

Table 3 provides a summary of the basic theories devel-

oped to describe the glass transition phenomenon and lists

their applications as well as their limitations. In addition to

the glass transition theories discussed earlier, there still

exist other approaches which are mentioned briefly. These

include the mode-coupling theory (MCT) [17, 79, 112], the

random first-order theory [207], and the kinetic Ising model

of glass transition [67].

The MCT is a kinetic description of glass dynamics; it

predicts a critical temperature, Tc, at which the dynamic

properties of the material, notably particle motion and

relaxation, diverge [17, 79, 112]. This theory anticipates a

sharp transition in the viscoelastic properties as well as a

change in the relaxation behavior of the glass material near

the predicted transition, whereas at temperatures below the

transition temperature, the theory anticipates a random

freeze of the liquid’s configuration [17, 78, 79, 145].

Conversely, the random first-order transition theory

builds on the idea that the configurational entropy is a

requirement for motions in glasses as described by Adam

and Gibbs [3]. However, the difference between this theory

and that proposed by Adam and Gibbs is that the latter did

Table 2 Influence of heating

rate on the glass transition of

polystyrene (Mw = 51,000)

(from [21])

Heating rate

(�C min-1)

Tg

(�C)

5 100.0

10 106.0

20 108.0

40 109.0

80 111.0
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not provide an explanation for the relationship between the

rearranging activation energy and the microscopic forces

within a unit [207].

As for the kinetic Ising model is concerned, it is a

microscopic theory based on a kinetic model that involves

cooperative spin–flip rates [67]. This model describes the

dynamics of the spin system as a single-flip model allowing

only a single spin to change state in a different time

increment dt. This model predicts the glass transition

temperature through the approximation of the spin relaxa-

tion time. It defines a critical temperature below which the

system is in equilibrium and the spins are frozen resulting

in infinite relaxation times. However, above this critical

temperature, the system’s mobility increases and relaxation

times decrease. This critical temperature is the glass tran-

sition temperature which is predicted without assuming

underlying thermodynamic events.

Although the glass transition phenomenon has been

studied extensively, it is still a controversial subject and

has led to the evolution of computer simulations to further

explain the transition process. But, even with these simu-

lations, there still exist two schools of thoughts. One pro-

poses that the transition is a thermodynamic event [186,

205], while the other claims that it is purely dynamical or a

kinetic event [101, 167]. One can argue from an experi-

mental point of view that the glass transition phenomenon

tends to be kinetically driven, a proof of that is the effect of

heating/cooling rate on the measured glass transition (see

Table 2). However, the agreement of thermodynamic

approaches to predict glass transition experimental results

[43, 48, 49, 72, 131] suggests that the glass transition

can be defined as a kinetically controlled manifestation

of an underlying thermodynamic transition with some

unique configuration [44]. A compromising approach

has been to consider the glass transition as a mixture of

thermodynamics and kinetics events, i.e., a small frozen

low-energy state within a larger kinetically frozen state

which posses a higher energy [26]. This leaves us to accept

the fact that there is still no consensus on the basic aspects

governing the glass transition phenomenon.

The Effects of Complex Systems and Additives on Glass

Transitions

Foods and pharmaceuticals are mixtures of several poly-

meric and small size components that may interact altering

the glass transition temperatures of the pure components.

Such systems then exhibit one or more glass transition

temperatures. One major challenge is then to be able to

predict the glass transition temperature of such mixtures

from their known composition and the glass temperatures

of the individual components. For this purpose, many

models and equations have been suggested and used on

food, pharmaceutical, and polymer systems. Some of these

models are based on the ideal mixing assumption [42, 77],

while others tend to account for the thermodynamic effects

of mixing, taking into consideration the entropy of mixing

as well as the interactions developed between various

components [10, 42, 76, 107, 150, 170, 171]. More fre-

quently used models are discussed in the next section.

Effect of Amorphous Mixtures

The composition of many foods and pharmaceutical prod-

ucts often can be reduced to two major amorphous com-

ponents. In such systems, the glass transition temperature is

affected by those components, their mass fraction, and the

possible interaction that may exist between them. There

have been many attempts to model this behavior and predict

Table 3 Summary of applications and limitations of the various theories of glass transition

Theory Applications Limitations

Free-volume theory Estimate Tg as a function of:

1. Pressure

2. Cross-link density

3. Molecular weight

4. Composition

No clear definition of molecular motion

Allows the calculation of coefficients of expansion

Locates viscoelastic events associated with Tg

Kinetic theory Explains the variation of Tg as a function of heating/cooling rate Not able to predict Tg at an infinite time scale

Thermodynamic theory Predict Tg variation as a function of:

1. Molecular weight

2. Composition

3. Plasticization

4. Cross-link density

Infinite time scale required for measurements
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the resulting glass transition temperature of the composite

as a function of several variables such as composition and

properties of each component. These proposed models are

summarized below [42, 62, 77, 90, 107, 121, 150].

Gordon–Taylor Equation

Gordon and Taylor [77] proposed a model to predict the

glass transition temperature of binary polymer blends from

the glass transition temperatures of the pure polymers, the

mass fraction of the components, and their coefficients of

expansion in the glassy and rubbery states. Their theory is

based on two major assumptions: (1) ideal volume addi-

tivity and (2) the change in volume with temperature are

linear. The Gordon–Taylor equation is expressed as

Tg ¼
x1 � Tg1 þ K � x2 � Tg2

x1 þ K � x2

ð11Þ

where Tg is the glass transition temperature of the mixture,

xi is the weight fraction, and Tgi is the glass transition

temperature of component i, whereas K is a constant that is

a function of the coefficient of expansion (a) of the

components as they change from the glassy (aG) to the

rubbery state (aL). Thus, K is given by the equation:

K ¼ V2

V1

� �
� Da2

Da1

� �
ð12Þ

where Vi denotes the specific volume of component i at the

corresponding glass transition temperature, and Dai is

given as

Dai ¼ ðaL � aGÞi ð13Þ

The parameter K could be calculated by equations that

arise from few approaches. For example, Simha and Boyer

[177] proposed alternative relations between the thermal

expansivity and the glass transition temperature of

materials, which are based on an iso-free-volume state.

The first of these equations was given as Eq. 4 but is

repeated here as

ðaL � aGÞ � Tg ¼ constant ð14Þ

The second equation (Eq. 5) is based on the assumption

that the fractional free volume is constant at T = Tg [177];

the equation is repeated here as

aL � Tg ¼ constant ð15Þ

With these approximations the parameter K can be

calculated as

K � V2

V1

� Tg1

Tg2

ð16Þ

Studies have shown that the Gordon–Taylor equation

appropriately describes the dependence of glass transition

temperature with the composition for some specific binary

mixtures such as methyl acrylate and acrylonitrile (AN)

copolymer (Fig. 4). However, for many systems, the

Gordon–Taylor equation fails to describe the dependence

of the glass transition with composition of the mixture.

This might arise when either the glass transition

temperature of the system is higher than the glass

temperature of the two components or when the two

components have close Tg values, e.g., for styrene (S) and

AN copolymer (Fig. 5) [149]. In other words, the Gordon–

Taylor fails when the composition of the mixture has a

negligible effect on the measured Tg. The Gordon–Taylor

equation as well as other equations to predict Tg of

0.0 0.2 0.4 0.6 0.8 1.0

20

40

60

80

100

120

G
la

ss
 T

ra
ns

it
io

n 
T

em
pe

ra
tu

re
 (

T
g)

, °
C

  

mass fraction of methyl-acrylate (MA), x

 Experimental Tg
Tg obtained from the Gordon-Taylor equation

Fig. 4 Measured glass transition temperatures of a mixture of

polymers MA/AN. Prediction by the Gordon–Taylor equation is also

illustrated [149]

0.0 0.2 0.4 0.6 0.8 1.0

0

20

40

60

80

100

120
G

la
ss

 T
ra

n
si

ti
o

n
 T

em
p

er
at

u
re

 (
T

 g
),

 °
C

 

acrylonitrile (NA), x

Fig. 5 Glass transition temperature of copolymer S/AN showing the

observed data points [149]

112 Food Eng Rev (2009) 1:105–132

123



multicomponent mixtures that are mentioned below are

empirical relationships and must be treated as such.

Specifically, all what the Gordon–Taylor relationship

demonstrates is an exponential decay curve that can be

fitted in more than one way if one is allowed to adjust the

parameters, specifically the constant K and the Tgs of the

pure components. However, Tg values are material

properties and adjustment to fit the experimental data is

not recommended. The assumption of a specific ‘‘water

glass’’ at cryogenic temperatures must treated with caution,

specifically because water has more than one form at those

temperatures. Nevertheless, the relevance of its ‘Tg’, even

if it were unique, to food drying at 40–50 �C or higher is

yet to be explained.

Mandelkern, Martin, and Quinn Equation

Mandelkern et al. [121] introduced an equation to predict

the glass transition temperature of polymer blends. Their

prediction model is based on the WLF equation and the

assumption that at the glass transition temperature, the ratio

of the free volume to the total volume reaches a critical

constant value of 0.025 [203]. Based on this assumption,

the following equation was obtained:

1

Tg

¼ 1

x1 þ R � x2

� x1

Tg1

þ R � x2

Tg2

� �
ð17Þ

where R is a parameter given by the following equation:

R ¼ K � ðTg1=Tg2Þ and K is a constant. This equation is

similar to that suggested by Gordon and Taylor [77], but

for the special case of R = 1 it reduces to the simple

relation also known as the Fox equation [62]:

1

Tg

¼ x1

Tg1

þ x2

Tg2

ð18Þ

Couchman–Karasz Equations for Binary and Ternary

Systems

Couchman and Karasz [42] proposed a model to predict the

glass transition temperature of mixtures based on the

assumption that such a transition is a thermodynamic event

rather than a second-order transition. In other words, they

assumed that the entropy of mixing is a continuous func-

tion at the glass transition region, which yields the fol-

lowing equation:

lnðTgÞ ¼
x1 � DCp1 � lnðTg1Þ þ x2 � DCp2 � lnðTg2Þ

x1 � DCp1 þ x2 � DCp2

ð19Þ

where Tgi is the glass transition of the component i in

the mixture and xi is the mole fraction concentration of

the component i. The change in heat capacity is

calculated as

DCpi ¼ CL
pi � CG

pi ð20Þ

where CL
pi and CG

pi are the heat capacities of the component

i at the rubbery and glassy state, respectively. This equation

was also expanded for ternary polymer systems including a

third term as

lnðTgÞ

¼ x1 �DCp1 � lnðTg1Þþ x2 �DCp2 � lnðTg2Þþ x3 �DCp3 � lnðTg3Þ
x1 �DCp1þ x2 �DCp2þ x3 �DCp3

ð21Þ

Another form of expressing Eq. 21 is

Tg ¼
x1 � Tg1 þ K1�2 � x2 � Tg2 þ K1�3 � x3 � Tg3

x1 þ K1�2 � x2 þ K1�3 � x3

ð22Þ

where K1–2 and K1–3 are constants obtained by dividing

Eq. 21 by the term DCp1, which is the difference in heat

capacity for the first component. The two constants in the

above equation can be estimated by the Simha–Boyer [177]

rule as

K1�2 ¼
q1 � Tg1

q2 � Tg2

and K1�3 ¼
q1 � Tg1

q3 � Tg3

ð23Þ

Where qi is the density and Tgi is its corresponding glass

transition temperature of the component i in the mixture.

Other Models and Equations

Although several models predicting Tg-composition pro-

files have been developed, experimental measurements

have shown deviations from them. The majority of these

equations are based on either the additivity of the volume

[62, 77] or the additivity of the flexible bonds [47, 48, 72].

The observed deviations have been previously addressed

and it has been suggested that the entropy of mixing as well

as molecular interactions may be contributing factors to the

disagreement between the experimental Tg values and

those predicted by these models [10, 42, 76, 170, 171].

Other models have been suggested by Kwei [107],

Schneider [168], and Pinal [150]. Kwei investigated vari-

ous polymeric systems showing S-shaped Tg-composition

profiles. Consequently, the proposed model can be written

in the following expression [107]:

Tmix
g ¼ x1 � Tg1 þ k � x2 � Tg2

x1 þ k � x2

þ q � x1 � x2 ð24Þ

where k and q are fitting parameters, which are assumed to

be dependent on the intermolecular interaction between the

components of the polymer mixtures [114, 169].

Schneider [168] expanded the Gordon–Taylor equation

into a viral-type expression to include the effects of specific

interactions between polymers in the blend. Thus, the
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modified Gordon–Taylor equation can be written as

[168, 171]

Tg � Tg1

Tg2 � Tg1

¼ ð1þ KÞ � x2C � ðK1 þ K2Þ � ðx2CÞ2

þ K2 � ðx2CÞ3
ð25Þ

where K1 and K2 are interaction parameters and x2C is the

corrected weight factor for component ‘‘2’’ with the higher

glass transition temperature, Tg2, given as

x2C ¼
K � x2

x1 þ K � x2

ð26Þ

Equation 25 is also referred to as the concentration power

equation. Applications of this equation on mixtures where the

Gordon–Taylor equation could not be applied have been

moderately successful. Figure 6 illustrates the prediction

capability of the Fox (Eq. 19) and concentration power

equation on mixtures of methyl-methacrylate (MMA) and

styrene (S) as well as methyl-methacrylate vinylchloride (VC)

mixtures. These models have not been applied to food systems.

Recently, Pinal [150] proposed a new model that

includes an additional term in the Couchman–Karasz

equation to account for the effect of the entropy of mixing

on the glass transition temperature. Hence, the modified

Couchman–Karasz equation can be written as [150]

lnðTpred
gm Þ ¼

x1 � DCp1 � lnðTg1Þ þ x2 � DCp2 � lnðTg2Þ
x1 � DCp1 þ x2 � DCp2

� DSC
mix

DCp;m
ð27Þ

where DCp;m is the heat capacity difference between the

liquid and the crystalline forms of the material and DSC
mix is

the configurational entropy of mixing that is accessible to

the liquid within the time scale of the experiment. This

modified Couchman–Karasz model suggests that the

configurational entropy of mixing accessible to the liquid

during cooling, DSC
mix, causes a shift in the glass transition

temperature from the expected value. Figure 7 shows a

schematic of this effect using data of a glucose–

maltohexaose mixture [143]. The temperature TCK in the

graph is calculated by the Couchman–Karasz model while

DTpred
gm is calculated using the equation suggested by Pinal

[150]:

DTpred
gm ¼ eDSC

mix=DCp;m � 1
h i

� Tpred
gm ð28Þ

As illustrated in Fig. 7, DTpred
gm is the difference between

the predicted Couchman–Karasz temperature and the

experimentally measured glass transition temperature, Tgm.

Effect of Water and Other Plasticizers

Additives can have two opposite effects on the glass tran-

sition temperature of a given material. If an additive lowers

the Tg of a substance, it is called a plasticizer, whereas if it

raises the Tg of that substance then it is referred as an an-

tiplasticizer [82, 95]. The antiplasticizer phenomenon has

been observed on food materials but it has been associated

to a moisture toughening effect [11, 137, 190].

Although water is considered to be the universal plas-

ticizer in foods, any miscible solvent or a low molecular

weight additive incorporated in an amorphous system

almost invariably will depress its glass transition temper-

ature [111]. The effect of a plasticizer on the glass transi-

tion can be explained by two mechanisms: (1) the
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plasticizer molecules screen off the attractive forces

between the material molecules and (2) the plasticizer

molecules increase the space between the material mole-

cules, both mechanisms provide a greater free volume and

freedom for the molecules to move [11]. In other words,

when smaller molecules penetrate the interchain spaces of

a given network, the average distance between these chains

increase and as a result more free volume is created [68].

Table 4 shows the effect of moisture on the glass transition

temperature of selected amorphous low molecular weight

carbohydrates [139].

Given the use of sugars in foods and pharmaceutical, in

the latter mainly used as excipient, and the role that they

have in product formulations, it is important to discuss the

glass transition of simple sugars and mixtures and how they

compare with the glass transition of larger polymeric

materials. Roos [156] determined the glass transition and

other thermophysical properties (e.g., melting point, heats

of fusion) of anhydrous sugars and the same sugars at

different moisture contents. In general, lower glass transi-

tions temperatures were observed, and sugar at different

moisture contents were well described by the Gordon–

Taylor equation. Glass transition of mixtures of low

molecular sugars were also determined and described with

the Gordon–Taylor equation with some limited success

[172]. While comparing the glass transition of sugars with

that of polymeric materials, we can observe that they are

significantly lower, which can be explained by studies

developed by Flory that demonstrated that glass transition

of materials decreases with their molecular weight. In fact,

the above-mentioned concept and the associated phenom-

enon have been used in the development of novel ther-

moplastic biomaterials by using low molecular sugars to

plasticize large molecular weight polymeric materials

[192].

Various approaches have been considered to estimate

the glass transition temperature of a plasticized polymeric

material. All theories and models concerning polymer–

plasticizer blends assume that an intimate molecular mix-

ture of the components is attained; otherwise, multiple

glass transitions may be observed [90, 102, 151]. The

simplest relation between the change in glass transition of a

system upon adding a plasticizer is given as [151]

Tg ¼ Tp
g � B � m2 ð29Þ

where Tp
g is the glass transition of the pure substance, m2 is

the mass fraction of the plasticizer, and B is a constant. It

must be noted, however, that Eq. 29 is only applicable

when low concentrations of plasticizer are used [174].

Kelley and Bueche [102] derived a model suitable for a

wider composition of plasticizers and that was based on

taking into account the effects of polymer–diluent viscosity

and free volume on the glass transition temperature. The

expression for this model is given as

Tg ¼
as � �Vs � Tg þ ap � ð1� �VsÞ � Tp

g

as � �Vs þ ap � ð1� �VsÞ
ð30Þ

where �VS is the volume fraction of the plasticizer and aS

and aP are the thermal coefficients of expansion of the

plasticizer and the polymer, respectively.

Jenckel and Heusch [90] took into consideration the

interactions between the amorphous solid (P) and the added

plasticizer (S) by including an interaction term to the

weighted glass transition temperature values of the pure

components. Thus, expression to calculate Tg was written

as

Tg ¼ mP � TP
g þ mS � TS

g þ D � mS � mP ð31Þ

where D is the interaction constant.

It has been observed that at higher moisture content, the

glass transition temperature decreases with increases in

moisture content at a higher rate than that observed at

lower water content. This is thought to be due to a larger

free volume change created by the molecules of water

adsorbed on the polymer, which in turn depend on the

chemical nature of the polymer [110].

In addition to the existing models that incorporate water

content as a mass fraction, Khalloufi et al. [103] tried to

introduce a model that uses water activity instead. The

mathematical model using water activity proposed by

Khalloufi is given as

Tg ¼
A � ðawÞ2 þ B � aw þ Tgs

a � ðawÞ2 þ b � aw þ 1
ð32Þ

where A ¼ Tgs � K2 � ð1� CÞ;B ¼ K � ½Tgs � ðC � 2Þþ
C �M0 � Tgw � k�;, a ¼ K2 � ð1� CÞ;and b ¼ K � ½ðC � 2Þþ
C � k �M0�:

The Guggenheim–Anderson–de Boer (GAB) model,

initially used for the sorption of gases into solid substrates,

has been found to be suitable to describe the water

Table 4 Glass transition temperatures of dry amorphous carbohy-

drates and their 10% w/w in water mixtures (from [139])

Glass transition temperature (Tg) (�C)

Dry Carbohydrate 10% Water (w/w)

D-Glucose 39 -17

D-Fructose 11 -24

D-Mannose 38 -15

L-Rhamnose 37 -11

D-Xylose 10 -29

Glucitol -2 -33

Maltose 97 7
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adsorption of water in many food materials and is given by

the expression:

M ¼ M0 � C � K � aw

ð1� K � awÞ � ð1� K � aw þ C � K � awÞ
ð33Þ

where M is the moisture content in dry basis; M0 is an

empirical parameter, incorrectly called the monolayer

moisture content because water is not associated to solid

substrates in the form of a monolayer; and C and K are

empirical constants probably related to the energies of

interaction between the first and further molecules at the

individual sorption sites. If that is the case, C and K would

be function of the sorption enthalpies given as [5]

C ¼ c0 � eðHm � HnÞ=RT and K ¼ k0 � e Hl � Hnð Þ=RT

where c0 and k0 are two parameters known as entropic

accommodation factors while Hm, Hn, and Hl are the molar

sorption enthalpies of the monolayer, multilayers, and bulk

liquid, respectively. The interpretation of these parameters

should be treated with caution, as explained above. The

GAB model and the meaning of these parameters may be

appropriate for the sorption of gases in solid substrates but

are far from reality when the interaction of water and solid

substrates is considered. Thus, considering that the

absorption of water on solid substrates forms a monolayer

may be far of reality due to the polarity of the water

molecule and its large size when compared to gas mole-

cules. Regardless of that interpretation, the GAB model

provides a good empirical description of water sorption in

foods. Thus, its use should be seen as a mere predictive

model within the experimentally tested range of moisture

contents and not as an extrapolation tool out of that range.

Leave alone the interpretation of the model ‘‘empirical’’

parameters in terms of thermodynamic and or physico-

chemical properties.

Since both water activity and Tg are closely related to

the moisture content of the sample there have been

attempts to combine models that describe these relation-

ships. A combined model that combines the Taylor and the

GAB equations to establish a relationship between the

water activity, aw, and the glass transition temperature was

proposed by Roos [157]. Furthermore, Sablani et al. [164]

combined water sorption characteristics and state diagrams

for abalone to establish stability criteria of this seafood and

found some discrepancies between those based on water

activity and Tg separately.

In addition to the effects of water, the effects of other

additives on the glass transition temperature have been

investigated. These studies include the effect of lipids and

emulsifiers on the glass transition of gluten [94] and the

effect of sugar on the glass transition of gluten and amy-

lopectin [93, 96].

Several reports [8, 108] have assigned equal significance

to thermodynamic and kinetic parameters on the stability of

foods, being the thermodynamic parameters those associ-

ated to the water activity, whereas the kinetic parameters

are associated to the glass transition phenomenon. Labuza

and Hyman [108] described the phenomenon of water

migration in multidomain foods and considered that the

driven force for moisture migration is the water activity

and not the moisture content of the food domain, which can

be calculated from thermodynamics concepts that involves

the chemical potential of the water. Although the water

activity or driven force for the migration of water is

important in this water movement process, the dynamics of

the process is closely related to the glass transition char-

acteristic of the food domain because it controls the dif-

fusion of moisture. In general, for domains found within

the glassy state, molecular mobility and diffusivity of water

are extremely slow so stability during storage should be

analyzed considering both water activity (thermodynamic)

and glass transition (kinetics) concepts. Similar to the

approach proposed by Roos [156] and Al-Muhtaseb et al.

[5], Sablani et al. [165] combined the GAB equation, which

describes the relationship between moisture content and

water activity, with the Gordon–Taylor equation that pre-

dicts the glass transition of a mixture of two components to

describe the stability of abalone.

Effect of Molecular Weight and Cross-Link

Density

The effects of both the molecular weight and cross-link

density of the polymers on the glass transition temperature

have been studied [21, 63, 65, 66, 74, 211]. It is agreed that

increasing the molecular weight, M, or the cross-link

density, q, for a given polymer will cause a decrease in its

specific volume, v, which is inversely proportional to the

change in M or in q. Consequently, this will cause an

increase in the glass transition temperature. Fox and Flory

[63, 65] indicated that the general relationship between the

glass transition temperature, Tg, at a given molecular

weight, M, was related to the glass temperature at infinite

molecular weight, Tg?, by

Tg ¼ Tg1 �
K

ðaR � aGÞ �M
ð34Þ

with K being a constant dependent on the material, and aR

and aG are the corresponding coefficient of expansion for

the rubbery and glassy states, respectively. Fox and

Loshaek [66] suggested a simple equation that holds for

linear polymers and predicts a linear decrease in the glass

transition temperature with the molecular weight of the

polymer as indicated by the expression:
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Tg ¼ Tg1 �
K

M
ð35Þ

In addition, Fox and Loshaek [66] accounted for cross-

link density by introducing another term in Eq. 35 to

obtain:

Tg ¼ Tg1 �
K

M
þ Kxq ð36Þ

where Kx is a constant and q is the number of cross links

per gram.

Yu et al. [211], using the positron annihilation lifetime

spectroscopy (PALS) method, studied mono-disperse

polystyrene having variable molecular weights ranging

from 4,000 to 400,000 Da. They observed that polymers

with shorter chains have larger free volumes and thus lower

glass transition temperatures. Table 5 shows various values

of Tg determined by differential scanning calorimetry as a

function of molecular weight [211]. Figure 8 shows the

effect of molecular weight on the glass transition of poly-

styrene [21].

Similarly, an increase cross-link density is expected to

cause an elevation of the glass transition temperature.

Although these equations could be applied to foods and

biomaterials, no studies applying these models have been

found in the literature.

Effect of Pressure

An increase in pressure on an amorphous material causes a

decrease in the total free volume. From a thermodynamic

standpoint, an increase in pressure on an amorphous system

will decrease its entropy. Regardless of the reasoning, both

assumptions predict an increase in the glass transition

temperature [123]. Assuming correspondence between

glass transition and a second-order transition, the effect of

pressure on the glass transition temperature was expressed

as [18, 19, 141]

dTg

dP
¼ Db

Da
ð37Þ

where D represents the difference between the properties

above and below the glass transition, and b and a are the

compressibility and expansion coefficients of the material,

respectively. Experimental results have shown large

deviations from the above equation and therefore other

variables were introduced to correct those deviations. Thus,

Eq. 37 becomes [19]:

dTg

dP
¼ oTg

oP

� �
Z

þ oTg

oZ

� �
P

�dZ

dP
ð38Þ

where Z is referred to as the Davies and Jones parameter.

Different experimental approaches have resulted in

different values of dTg/dP. Table 6 compares dTg/dP val-

ues obtained for polyvinyl acetate (PVAc) using three

different experimental approaches. Experiment A involves

cooling of the liquid under constant pressure, method B

involves heating the glass while under pressure, whereas

approach C comprises the cooling of the liquid at constant

volume under decreasing pressure [19].

Methods for Measuring Glass Transitions

The glass transition temperatures of amorphous food mate-

rials as well as pharmaceuticals can be measured by con-

tinuously measuring various physical properties as a

function of temperature. These measuremets, which

may include specific volume, deformation, conductivity,

elasticity, and thermal properties (e.g., heat capacity), can

Table 5 Molecular weight dependence of Tg

Mw (Da) Tg (�C)

4,000 75

9,200 90

25,000 96

400,000 102
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Fig. 8 The effect of molecular weight variation of the glass transition

of polystyrene (from [21])

Table 6 Values of dTg/dP for polyvinyl acetate (PVAc) and poly-

vinyl chloride (PVC) obtained through three different methods: A, B,

and C [19]

Polymer dTg/dP (deg/atm)

A B C

PVAc 0.015 0.037 0.022

PVC 0.013 0.038 0.028
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determine the glass transition range by identifying the tem-

peratures where these properties change significantly.

Owing to the property measured, methods to characterize

glass transition can be classified as calorimetric, thermo-

mechanical, volumetric, and spectroscopic methods [82,

173]. These include differential scanning calorimetry (DSC)

[12, 92, 153] and temperature-modulated differential scan-

ning calorimetry (MDSC) [23, 61, 85, 87, 124, 155, 183,

184], dilatometry (DIL) also known as thermomechanical

analysis (TMA) [25, 80, 125, 201], dynamic mechanical

analysis (DMA) also known as dynamic mechanical thermal

analysis (DMTA) [12, 153], inverse gas chromatography

(IGC) [6, 75, 133, 134, 136], and nuclear magnetic resonance

(NMR) [2, 92, 98, 116, 161, 162], dielectric relaxation

spectroscopy (DRS) [4, 56, 57, 135, 139], and other emerg-

ing technologies such as oscillatory squeezing flow (OSF)

[1], thermal mechanical compression test (TMCT) [25],

positron annihilation lifetime spectroscopy (PALS) [43, 89,

104–106, 115, 211], thermally stimulated depolarization

current (TSDC) [4, 45, 52, 175, 176, 196], and scanning

probe microscopy (SPM) also known as atomic force

microscopy (AFM) [88, 126–128]. The assignment of the

glass transition can vary significantly depending on the

property being measured and the method utilized to deter-

mine the glass transition. In general, Tgs obtained using

various techniques may be different and they are closely

associated to how sensitive is the measured property to

changes in temperature, specifically around the material

glass transition region. The way to determine glass transition

may also provide differences in the reported Tg values. The

glass transition temperature is sometimes reported as the

onset temperature where the first changes in the monitored

properties are observed, or as the inflection point, midpoint

of the steepest slope connecting the onset and offset hori-

zontals. Often during DMA testing, the glass transition is

determined as the maximum in the tan d. Therefore, the glass

transition temperature has to be reported along with the

technique used as well as the set of test conditions under

which it was determined [173]. These methods will be dis-

cussed hereafter. Many foods and pharmaceuticals are

composed of mixtures of components so it is not possible to

define a single glass transition temperature. This and the

variability observed in the determination of Tg with different

methods make the definition of a glass transition temperature

range a more reasonable material property definition than a

single glass transition temperature.

Differential Scanning Calorimetry

DSC is a technique widely used in the food, pharmaceu-

tical, and the polymer industries to measure heat flow and

temperature-dependent specific heat as well as phase

transitions [166, 199]. DSC can be used to determine glass

transitions, in addition to cold crystallization, crystalliza-

tion, phase changes, melting, cure kinetics, and other

reactions such as oxidative stability. The heat flow is

measured as the energy required to maintain a nearly zero

temperature difference between the sample and an inert

reference material as the two specimen are subject to

identical temperature schemes in a cooled or heated envi-

ronment [118, 199]. A DSC test is considered as a closed

thermodynamic process that permits no matter exchange

but allows energy to be added or removed from the system

[206]. As these events take place at a relatively constant

pressure, the total heat transferred, measured by the areas

under the peaks, is directly proportional to the change of

enthalpy (DH) of the sample [166, 188, 206]. DSC reports

the phase transitions in the sample as peaks, which are

enthalpies absorbed (endotherm) or released (exotherm)

during the transition. Endothermic peaks are observed in

glass–rubber transitions, melting, denaturation, gelatiniza-

tion, and evaporation, whereas exothermic peaks or

enthalpies are associated to freezing, crystallization, and

oxidation processes. Figure 9 shows a conventional DSC

scan for a pharmaceutical drug (Indomethacin) in its

amorphous and crystalline states, showing the glass tran-

sition, crystallization, and melting peaks for both samples.

In addition to the conventional DSC, MDSC is an

improvement that increases resolution and sensitivity to

detect weak transitions or when two transitions occur

within the same temperature range. These improvements

over the traditional DSC method are achieved through the

application of two simultaneous heating profiles: a linear

underlying rate and a sinusoidal modulated rate which can

be expressed as:
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drug (Indomethacin) showing the glass transition, crystallization, and

melting peaks (unpublished data from our laboratory)
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T ¼ T0 þ q � t þ B � sinðxtÞ ð39Þ

where T0 is the initial temperature, q is the heating rate, B

is the amplitude of temperature modulation, and x is the

frequency [154, 155].

The linear rate provides the same information as that

obtained by the traditional DSC, whereas the sinusoidal

modulated rate provides information about the reversing

and nonreversing components of the heat flow response

[85, 154, 155], the former associated to changes of the heat

capacity of the material. In measuring the glass transition

temperature, MDSC demonstrates a higher sensitivity than

the conventional DSC. Rather than measuring the glass

transition temperature as a simple shift in the baseline,

MDSC measures Tg via analysis of the amplitude of the

heat flow oscillation [85, 124, 154, 155]. Consequently,

since the glass transition is defined as a change in the heat

capacity of the sample, this response is thus correlated to

the reversing component of the signal. Conversely, the

nonreversing component of the heat signal is associated

with kinetically controlled events that are dependent on

both temperature and time. It is important to mention that

by determining glass transition using DSC it is a good

practice to run a thermal gravimetric analysis on the

sample prior to running the DSC/MDSC test. This is due to

the various reasons summarized as follows [194]: (a)

evaporation may appear like melting and may cause her-

metic aluminum pans to explode if temperature range

exceeds 130 �C, (b) the existence of water/solvent may

lower during heating and broaden the glass transition

temperature, (c) it is easier to monitor decomposition since

DSC does not provide useful data regarding the structure of

the material under investigation, and (d) as a guideline, the

upper temperature limit of the DSC experiment should not

exceed that of 5% weight loss due to decomposition.

An aspect that needs to be discussed when determining

thermal transitions of foods and pharmaceuticals, specially

using DSC, is related to the structure of the samples. Often

these materials, either due to their inherent natural prop-

erties or transformations by processing, exhibit both

amorphous and crystalline structures. A typical example is

starch granules which have crystalline and amorphous

structures. A review by Tester et al. [193] describes with

large details the structure of starch granules. During gela-

tinization, water is essential because it acts as a plasticizer

favoring gelatinization. The plasticization or mobility-

enhancing effect is visualized first in the amorphous zone

of the starch which is at the glass state [16]. When the

temperature is at the Tg of that amorphous zone, a small

transition can be detected by DSC measurements. How-

ever, at those temperatures, crystalline regions which are

contiguous to the amorphous zones start to melt and the

energy absorbed during that melting process is significantly

larger than the energy associated to the glass transition. As

a consequence, the glass transition of these starches is not

usually evident using DSC and other techniques should be

used.

Thermomechanical Analysis /Dilatometry

As a material passes from the glassy to the rubbery-leath-

ery state, it experiences an increase in its free molecular

volume [29, 178, 198, 204, 206]. Thermal expansion and

its relation to glass transition have been extensively

examined [29, 125, 177, 178, 201, 204, 212]. This has led

to new methods and techniques to measure the thermal

expansion as a function of temperature to locate the glass

transition temperature of various materials.

DIL is thus a thermoanalytical method used for the study

and measurement of dimensional changes of samples,

shrinkage, and expansion, as a function of temperature.

Since these changes may be either linear or volumetric,

DIL focuses on direct measurement of volume, density,

and linear displacement [125, 204, 212]. The thermal

expansivity of the material is then calculated based on the

following relationships:

Linear coefficient of expansion, b, given as

bðTÞ ¼ 1

L
� oL

oT

� �
r

ð40Þ

Volumetric coefficient of expansion, a, given as

aðTÞ ¼ 1

V
� oV

oT

� �
P

ð41Þ

As a result, dilatometry can be used to measure

volumetric expansions, phase transitions as well as

determining glass transition temperatures [188, 206].

Conversely, TMA is a technique that measures

deformation of a material as a function of temperature

under a nonoscillatory load like, for example, compression,

tension, flexure, or torsion [118]. Thus, thermodilatometry

and TMA are closely related methods that apply similar

principles for testing and data collection [31].

TMA technique may be operated using various modes.

For example, measurements can be done through penetra-

tion mode using probes of different geometries that pene-

trate the sample or by measuring relaxation/deformation as

a compression, tensile, flexural, or torsion force is applied

on the sample [31, 118]. Data obtained—like for example

sample deformation, volumetric, or linear—is recorded and

plotted as a function of temperature. Figure 10 summarizes

the results obtained using the dilatometer for poly(cyclo-

hexyl methacrylate) (PCHMA; Fig. 10a) and poly(cyclo-

pentyl methacrylate) (PCPMA; Fig. 10b) [178, 204]. The

glass transition temperature can be located as point of
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change in slope of the specific volume–temperature graphs

(Fig. 10a, b), or as the inflection point on the thermal

expansivity–temperature graphs (Fig. 10c, d).

Dynamic Mechanical Analysis

DMA or so-called DMTA is a technique that can provide

information about the mechanical and thermomechanical

properties of a given material. The DMA applies a sinu-

soidally oscillating either stress or strain to the sample

causing a sinusoidal response, which depending on the

applied input will be either the strain or the stress,

respectively [129]. The relationship between the stress and

the strain of the sample allows the calculation of the

sample mechanical modulus often known as ‘‘stiffness.’’

The time shift between the stress and the strain is a measure

of the friction generated on polymer molecules when it is

deformed. The time shift is used to calculate the visco-

elastic properties of the material such as the loss modulus

and storage modulus. The DMA also allows various testing

modes allowing sweep across temperature or frequency

[129] while staying in the linear viscoelastic region of the

material under investigation.

Given the nature of the testing technology, the first step

in the DMA testing is to prepare tablets loaded and pressed

under very high pressures (5000 lbs or more) to avoid the

fracture of the samples during measurements. That raises

questions as to how the sample material is affected by the

sample preparation. An alternative testing setup that may

be used is a powder cell, which is available from TA

Instruments (New Castle, DE, USA), and can be attached

to the dual cantilever clamp on the DMA. The cell allows

one to characterize the transitions of powdery materials as

temperature changes by observing the peaks changes in the

calculated elastic and viscous complex moduli, also called

apparent moduli. Since the geometry is not well defined

and the material is in a powdery state, these calculated

moduli do not provide fundamental measurements of the

elastic and viscous nature of the sample, instead they only

provide a qualitative assessment of these properties. The

use of the powder clamp, however, helps to prevent

changes in the material before testing. That is important

particularly for active pharmaceutical ingredients which

have a structure that can be affected by the extreme pres-

sure utilized to form the tablets. Those implications may

also bear a large importance for the testing of food mate-

rials whose structure could be affected by the application of

high pressure. The DMA is able to detect short-range

motion before the glass transition range is attained and

hence, the onset of main chain motion [92]. Figure 11 is a

typical representation of the glass transition measurement

of an amorphous drug using the powder cell with the dual

cantilever fixture on the DMA [1].

Dielectric Relaxation Spectroscopy

Each spectroscopic technique is related to a specific

property of the sample. For instance, measuring the

Fig. 10 a, b Specific volume as

a function of temperature for

PCPMA and PCHMA,

respectively, selecting the glass

transition temperature as the

point of change in slope. c, d
Thermal expansivity of PCPMA

and PCHMA, respectively, as a

function of temperature

showing the glass transition as

the inflection point (from [204])
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dielectric response of a given material upon changes in

temperature allows the study of its structural characteristics

[200]. DRS is a method that is based on the property of a

material that responds to an external electrodynamic

action. DRS assesses both the magnitude and the time

dependence of the sample’s electrical polarization, a

property closely related to the sample structural charac-

teristic [182, 200]. Thus, dielectric spectroscopy is capable

of measuring the molecular mobility as well as the struc-

tural characteristic of a given material over a wide tem-

perature and frequency (10-6–1015 Hz) range [200].

Specifically, dielectric spectroscopy measures the relaxa-

tion behavior of the material as it is subject to a tempera-

ture ramp over a given polarizing frequency range.

Consequently, for amorphous materials, two different

relaxation processes can be determined: the principal

a-relaxation process, which is associated with the glass–

rubber transition in the amorphous region, whereas

the secondary b-relaxation process is associated with

intramolecular oscillations of small dipolar groups. The

principal a-relaxation exhibits a non-Arrhenius tempera-

ture-dependent behavior at temperatures above the glass

transition temperature and an Arrhenius behavior at tem-

peratures below the glass transition region. However, the

b-relaxation can be measured only at higher polarizing

frequencies and is described by an Arrhenius temperature-

dependent behavior [4, 27, 39, 57] before and after the

glass transition. The dielectric response can be expressed of

various forms, such as: relaxation times, complex dielectric

permittivity, e*, with real (e0) and imaginary (e00) compo-

nents, dielectric loss factor, tan d ¼ e00=e0; complex

dielectric modulus, M� ¼ 1=e�, or absorption conductivity,

r. All these parameters are mutually related and equivalent

in the sense of information they provide [4, 200]. Figure 12

shows the variation of tan d as a function of temperature for

amorphous dry D-mannose and for a mixture containing

10% w/w water. As illustrated, these results enable a very

visible localization of the glass transition temperature of

the material at the temperature where the maximum in the

tan d is observed [139].

Figure 13 illustrates measured relaxation times in the

a-relaxation process as a function of the inverse of the

absolute temperature for maltitol [57]. It is clearly

observed that there is a change in the dynamics of the

principal a-relaxation at the glass transition temperature.

Dielectric relaxation spectroscopy has been applied to

foods [34, 37, 139], pharmaceuticals [4, 7, 56, 57, 182],
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Fig. 12 The variation of tan d with temperature at 1 kHz for dry
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and polymers [15, 28, 39, 135] to determine their glass

transition temperatures.

Nuclear Magnetic Resonance

NMR spectroscopy provides a powerful tool to study the

dynamic and structural features of condensed matter. Pulse

NMR has been reported as an alternative method to study

the glass transition phenomenon [2, 92, 98, 116, 161, 162].

NMR is able to measure the spin–spin relaxation phe-

nomenon during a glass transition event. It has been

reported [2] that the spin–spin relaxation time, T2, of a rigid

component is related to its glass transition. Conversely,

spin–lattice relaxation time, T1, is associated with mobile

molecular classes [2, 162]. Figure 14 shows a schematic on

the relationship between the NMR relaxation times, T1 and

T2, and molecular mobility also referred to as the molecular

correlation time, sc [2].

Applying a pulse NMR, the decay of the pulse signal has

two components that can be fitted using the Gaussian and

Lorentzian curves of the form [92]:

h ¼ hRe�t2=2T2 þ hMe�t=T1 ð42Þ

where h is the signal intensity at time t and hR and hM are

proportional to the number of protons in the rigid and the

mobile states, respectively. Based on this relationship,

Kalichevsky et al. [92] suggested that T2 is related to the

rigid lattice limit temperature, TRLL, which is associated

with the glass transition temperature obtained using other

calorimetric methods, e.g., DSC. At temperatures below

the glass transition, T2 relaxation time tends to be constant

and begins to increase when the temperature approaches

the glass transition range due to the increase in molecular

mobility. This has been reported by Ruan et al. [162] and

Ablett et al. [2]. Figure 15 shows a representative plot of

relaxation time versus temperature obtained using pulse

NMR for maltodextrin. A change in slope is indicative of

the glass transition temperature [162].

Positron Annihilation Lifetime Spectroscopy

PALS is a microprobe that has been developed to directly

determine the local free-volume properties in polymeric

materials. Information obtained by PALS contains data

about the dimensions, distributions, and concentrations of

voids within the material. This is obtained by monitoring

the lifetime of positrons and positroniums, Ps, in a given

material. A positron is the antiparticle or antimatter of an

electron having a charge of ?1, whereas a positronium, Ps,

is a neutral bound atom consisting of an electron and a

positron. The phenomenon in which the electron and pos-

itron meet and vanish into other forms of energy is called

annihilation. The lifetime of positrons in matter is a func-

tion of the electronic environment. In other words, the

measured lifetimes are those of a thermal positron in the

material under consideration. Since many studies have

correlated the glass transition to changes in the free vol-

ume, this method has found its way into the polymer

industry as a method to measure glass transition phenom-

enon [43, 89, 104–106, 115, 210].

It is indeed appropriate to mention the theory behind the

PALS method. As discussed, a positronium is a bound

atom consisting of an electron and the positron. Conse-

quently, there are two types of positronium, Ps: the first is

called the ortho-Positronium, o-Ps, where the spins of the

two particles are parallel, and the second is called the para-

Positronium, p-Ps, where the spins are antiparallel. The

o-Ps has a lifetime of 142 ns in vacuum, whereas the p-Ps

has a lifetime of 125 ps in vacuum. The o-Ps is mainly the
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positronium of interest and is monitored to obtain infor-

mation about holes and the free volume. As has been

mentioned, in PALS, the lifetime of these particles, s, is

measured as a function of temperature. The lifetime is

inversely proportional to the integral of the positron, q?(r),

and electron, q-(r), densities at the region of investigation

and is given as [115]

s ¼ KR
qþðrÞ � q�ðrÞ � dr

ð43Þ

where K is a constant related to the number of electrons

involved in the annihilation. A correlation between the

mean o-Ps lifetime and the mean radius of the holes, R,

designated as s3, can be calculated as

s3 ¼
1

2
� 1� R

R0

þ
sin 2p � R

R0

� �
2p

2
4

3
5
�1

ð44Þ

where s3 and R are in nanoseconds and Angstroms,

respectively, and R0 is given as R0 = R ? DR. DR is

1.656 Å obtained from observed o-Ps lifetimes and known

as the mean hole radii in porous media. From Eq. 44, the

mean free volume hole size can be estimated by simply

measuring the o-Ps lifetime. PALS is sensitive to hole sizes

ranging between 1 and 10 Å, whereas larger hole sizes lay

beyond the detectable region of PALS [115]. As a result of

the PALS analysis, plots of s3 versus temperature are

obtained. Figure 16 illustrated a typical s3–temperature

plot for polystyrene [115]. As observed, there is a signifi-

cant change in the slope of the s3–temperature curve as the

material goes through the glass transition phase. Thus, the

glass transition temperature is determined as the inflection

point in that curve. The s3–temperature curve can be

correlated with the rate of increase of the free volume with

temperature as the molecular motion within the material

intensifies. In addition to the lifetime measurements, PALS

measures the intensity of the o-Ps as a function of tem-

perature. However, the variation of the intensity, I3, with

temperature is more complex. It has been reported that the

intensity tends to increase at temperatures below Tg and

then flattens out above the glass transition temperature

[115, 120]. Nonetheless, it is valuable to mention that Tg

values obtained from PALS sometimes tend to be lower

than those obtained using other methods such as DMA or

DSC. This is attributed to the longer measurement times,

about an hour for each temperature, while using the DSC or

DMA, data is obtained within seconds or minutes [115,

120].

Oscillatory Squeezing Flow

The OSF method is a novel technique, which is a modifi-

cation of that presented by Mert and Campanella [130]. It

has been used to measure the thermomechanical properties

of powders. This method is based on the same principles

and concepts of the well-known rheological technique

called squeezing flow [35]. However, the new method has

technological improvements. It involves small amplitude

oscillations at random frequencies up to 10 kHz. The

testing apparatus can be attached to a texture analyzer to

control the force or stress exerted by the upper plate on the

powder sample.

Details of the experimental setup and the pertinent

equations utilized to determine the glass transition of

powder systems are given elsewhere [1]. Plots showing

normalized stiffness, obtained as the ratio of the stiffness

values obtained in an experimental run to the value of the

maximum stiffness obtained in that run, as a function of

temperature for a pharmaceutical material (indomethacin)

is given in Fig. 17 [1]. Values are indicated by triplicate to

indicate the reproducibility of the measured Tg.

Thermal Mechanical Compression Test

TMCT is a novel technique developed to measure glass

transition temperatures by determining changes in either

force—force relaxation mode—or monitoring displace-

ment—creep mode [24]. This novel technique consists of a

temperature-controlled cell which is attached to a texture

analyzer. In the force relaxation mode, a constant defor-

mation/strain is applied to the sample as it is heated.

Consequently, changes in the compression force are mon-

itored and recorded as a function of temperature. As the

material/powder reaches its transition temperature, the

particles will increase in mobility and thus a decrease in the

applied compression force is observed [24]. During the

20 40 60 80 100 120 140
2020

2030

2040

2050

2060

2070

2080

2090

2100

2110

2120

M
ea

n 
o-

Ps
 li

fe
tim

e,
 τ

3 (
ps

)

Temperature, °C 

Tg= 95°C

Fig. 16 Mean o-Ps lifetimes for polystyrene as a function of

temperature also showing the glass transition temperature which

agrees with that determined by DSC (from [115])

Food Eng Rev (2009) 1:105–132 123

123



creep mode, the deformation of the sample, subjected to a

constant force/stress, is recorded while the temperature of

the test is changed. As the material transitions from the

glassy to the rubbery state, the particles become more

mobile and that is reflected by an increase in displacement

[24]. This technique shows comparable results with those

obtained from traditional methods such as DSC and TMA.

Figure 18 shows a typical graph of displacement versus

temperature obtained by the TMCT technique. This method

has been utilized to determine the glass transition of skim

milk, specifically for this case a Tg of 59.1 ± 1.6 �C was

found and compared to 68.8 ± 0.6 �C as determined by

DSC.

Inverse Gas Chromatography

IGC is a gas-phase technique used to characterize the

surface and bulk properties of solid materials. IGC may be

used to determine batch-to-batch variations, study the

surface heterogeneity, or even measure the glass transition

temperature of the solid material [6, 134, 136, 209]. Unlike

conventional gas chromatography, where the stationary

phase serves as a detector for the various gaseous com-

ponents passing through the column, IGC uses different

gaseous solute probes to identify interactions between the

solutes and the stationary solid column packing. In other

words, in the IGC technique, the packing of the column

consists of the testing sample. IGC can be performed in two

different modes: infinite dilution [195] and finite solute

concentration [53, 195]. When operating IGC in the infinite

dilution mode, a small amount of the probe vapor is

injected in the column and its retention time and volume

are recorded. In this case, the retention volume is inde-

pendent of the probe concentration and the surface cover-

age of the adsorbed molecules. This results in a linear

adsorption isotherm that can be described by Henry’s law

[53, 195]. Conversely, when using the finite solute con-

centration, a small amount of liquid probe is injected. This

leads to the formation of a monolayer of the gas probe on

the solid surface. In this case, desorption isotherms can be

recorded, which provides an appropriate technique to

measure and evaluate heterogeneity of the material surface

[53].

Glass transition can be studied using IGC in the infinite

dilution mode. The assessment consists of measuring the

retention times and the net retention volumes of probes of

defined properties passing through the packed chromatog-

raphy column [40, 75, 133]. The retention times as well as

the retention volume are related to the surface interaction

and affinity of the probes used for the solid surface

[40, 75]. Consequently the retention volume, denoted by

VN, can be calculated by the following equation:

VN ¼ ðtR � t0Þ � Dc ð45Þ

where Dc is the corrected flow rate of the carrier gas, tR and

t0 are the retention times for the probe and methane, or any

other alkane used for the test, respectively. However, to

compare different columns and temperatures, the retention

volume is normalized to a temperature of 273.15 K (0 �C)

and to 1 g of powder. This normalization yields the specific

retention volume calculated as

Vg ¼ 273:15 � VN

T � m ð46Þ
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where T is the temperature at which the measurement is

being conducted and m is the mass of powder in the

column.

In addition, the change in free energy due to adsorption

denoted by DGads is a function of the specific retention

volume and expressed as

DGads ¼ �R � T � lnðVgÞ þ C ð47Þ

where C is a constant and a function of the reference state

of the adsorbed probe, and also depends on the accessible

area of the solid. R is the gas constant and T is the mea-

surement absolute temperature.

As the changes of free energy are determined as a

function of temperature, this allows the calculation of both

the enthalpy and entropy of adsorption as given in Eqs. 48

and 49:

DHads ¼ �R � oðln VgÞ
o 1

T

� � ð48Þ

DSads ¼
DHads � DGads

T
ð49Þ

In addition to temperature scans to determine the glass

transition temperature, the IGC test provides relative

humidity control in the sample column. Consequently,

glass transition temperature can be measured at various

relative humidity and thus the effect of relative humidity

on Tg can be studied. Figures 19 and 20 show the plots of

lnðVN=TÞ versus 1/T as well as the location of the glass

transition temperature for two amorphous pharmaceutical

drugs, Indomethacin and Ketoconazole, respectively.

Although this method has not been yet applied to study

the glass transition of food materials, it offers some

advantages for powder samples, like for example a good

control of the relative humidity (water activity) during the

test. This type of test provides a tool for evaluating the

effect of relative humidity on the glass transition of food

samples, a type of measurement that has been an important

challenge in this area.

Scanning Probe Microscopy

Scanning probe microscopes (SPMs) are instruments that

measure the surface properties of materials. These instru-

ments include atomic force microscopes (AFM) and

scanning tunneling microscopes (STM) [20]. Although the

initial use of AFM was to provide resolution on 3D surface

topographic images, several techniques have been devel-

oped to measure other surface properties of materials such

as viscoelasticity, mechanical, and thermomechanical

properties [22, 50, 70, 81, 126, 127, 144, 152, 191, 202].

Atomic force microscopy is performed by either scan-

ning a sharp tip on the end of a flexible cantilever across

the sample surface while maintaining a small constant

force, or by simply placing the tip above the sample surface

to measure the mechanical properties of that point without

scanning. The latter mode is called probing [127]. Some

other modes also used to measure surface Tg or polymeric

material include lateral force microscopy [50, 191], force–

distance curves [22], friction force microscopy [81], shear

modulation force microscopy [70], scanning local accel-

eration microscopy [144], and microthermal analysis [152].

Meincken et al. [127] used the atomic force microscope

in the stationary noncontact mode for frequency spectros-

copy treating the AFM as a nano-DMA. In this method, the

response of the material to the oscillating cantilever was

measured. As the cantilever oscillates above the polymer

surface, it generates a pressure wave and thus excites the

underlying molecules. Depending on their degree of free-

dom and mobility, the molecules respond to this excitation

by absorbing energy and hence causing a change in the

cantilever resonance frequency. As the temperature can be

controlled, this permits to determine the thermal properties
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of the sample such as the glass transition, melting, or

crystallization temperatures [126–128].

Based on this method, the glass transition appears as a

plateau in the linearly decreasing frequency curves [127,

128]. Figure 21 shows the glass transition temperature of

two different polymers. Measurements using this technique

agreed well with values determined using other techniques

[128].

Thermally Stimulated Depolarization Current

Thermally stimulated current (TSC) is a dielectric thermal

technique originally developed to investigate ionic motion

in crystals [32, 33]. Since then, the technique has evolved

into a tool for studying the dynamics and molecular

motions/relaxations in semicrystalline and amorphous

polymers as well as pharmaceutical powders [45, 52, 69,

73, 119, 175, 176, 196].

In a thermally stimulated depolarizing current (TSDC)

experiment, the sample is placed between the electrodes of

a parallel plane capacitor under the effect of a DC electric

field at a given temperature, Tp, for a given period of time,

tp [41, 45, 175]. As a result, the dipoles existing in the

molecular structure of the material will re-orient to create a

certain polarization, P0. This step is called the polarization

step (Fig. 22) [45, 175]. The decay of this polarization

follows the Debye model with a single relaxation time, s,

given as

PðtÞ ¼ P0 � e�t=sðTÞ ð50Þ
When the sample is cooled or quenched to a tempera-

ture, T 0p, in the presence of the electric field, the dipolar

orientations are retained within the sample. This is called

the freeze-in step (Fig. 22). Accordingly, the retained

polarization corresponds to the dipolar motions that were

activated by the electric field at the polarization tempera-

ture and whose relaxation time, sðTÞ, is temperature

dependent. In other words, the retained polarization con-

sists of the contribution of all molecular motions that are

relatively fast at the selected TP, but become relatively

slower than the experimental time at the freeze-in tem-

perature, T 0p. The freeze-in phase leaves the sample in a

nonequilibrium state where the depolarization is prevented

due to kinetic immobility. In the subsequent step, the

polarized sample is heated at a constant rate.

T ¼ T0 þ q � t ð51Þ

where q is the heating rate and T0 is the initial temperature.

As the temperature increases, the molecules become more

mobile and return to their equilibrium state. This is the

depolarization phase (Fig. 22). During this stage, an elec-

tric current, I(T), is generated. This current is recorded as a

function of temperature and constitutes the experimental

output of a TSDC analysis. In addition to the emitted

depolarization current, the temperature-dependent relaxa-

tion time can be measured using the TSDC.

The depolarization process is assumed to be a first-order

rate process [32, 45] and the emitted current, I(T), can be

written as

IðTÞ ¼ PðTÞ
sðTÞ ð52Þ

and

PðTÞ ¼ 1

q
�
ZTf

T

IðTÞdT ð53Þ

Thus
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sðTÞ ¼ 1

q
�
R Tf

T IðTÞdT

IðTÞ ð54Þ

where P(T) is the polarization at temperature T. Tf is the

temperature at which the sample is completely depolarized.

Plotting s versus 1/T will produce what is called the

relaxation map of a given material. This map contains all

the kinetic information related to the different modes of

motion including a and b relaxations.

Figure 23 shows the results of a typical TSDC experi-

ment conducted on an amorphous pharmaceutical drug,

Indomethacin. The graph shows the current intensity as a

function of temperature with a peak in intensity at the glass

transition temperature [41].

Summary

Glass transition has been studied since the early 1950s and

yet remains a controversial issue. However, it is agreed that

it plays an important role in the stability of food and drugs

as well as in polymer manufacturing. This review article is

an attempt to explore the theories that have been developed

to understand the glass transition phenomenon. These

theories have been developed specifically for synthetic

polymers; however, in this review, an attempt has been

made to extend them to foods and pharmaceuticals. The

review also discusses different point of views of the glass

transition phenomenon, especially the current controversy

concerning whether glass transition can be observed as a

thermodynamics or a kinetics event. Although thermody-

namics have been used to predict glass transition-related

events and properties, kinetics events appear to be the

major player in the characteristics of glasses, their forma-

tion, and transition. Glass transition temperature can be

measured by various techniques which were mainly

developed by the synthetic polymer area and are finding yet

their way into food and pharmaceutical applications.

Table 7 summarizes techniques that have used to charac-

terize glass transition of different systems including

polymers, food, and pharmaceutical as well as the corre-

sponding properties, whose changes are determined to

determine the glass transition of the material.

Table 7 Summary of the techniques to measure glass transition temperature

Technique Property measured

Differential scanning calorimetry (DSC) Heat flow rate

Modulated temperature DSC (MDSC) Temperature-dependent specific heat

Thermomechanical analysis (TMA)

Dilatometry (DIL)

Dimensional deformation (volume, density,

or linear displacement)

Dynamic mechanical analysis (DMA) Viscoelastic properties (storage/loss moduli)

Dielectric relaxation spectroscopy (DRS) Relaxation—magnitude and time dependence

of electrical polarization

Nuclear magnetic resonance (NMR) Spin–spin and spin–lattice relaxation times

Positron annihilation lifetime spectroscopy (PALS) Local free-volume hole properties

Relaxation and lifetime of positron and positronium

Inverse gas chromatography (IGC) Gas retention time and volume

Thermal mechanical compression test (TMCT) Linear displacement and strain

Force dissipation

Broad band frequency squeezing flow/Oscillatory

squeezing flow (OSF)

Stiffness and viscoelastic properties (loss and storage modulus)

Thermally stimulated depolarization current (TSDC) Current flow (relaxation)

Atomic force microscopy (AFM) Relaxation (change in resonance frequency)
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The selection of a proper method to evaluate Tg is based

on the response of interest. In some applications where

mechanical properties of polymers are of interest at or

around Tg, it is more convenient to use DMA, OSF, or

TMA; in other applications for instance where material

relaxation or conductivity are important parameters, the

use of PALS, TSDC, DRS, or even NMR would be more

reasonable. If the application involves gas retention then

IGC might be a good potential alternative. DSC and MDSC

are considered to be the conventional methods to measure

glass transition; however, DSCs low sensitivity to changes

in the heat capacity of the material at the glass transition,

especially when handling strong glasses such as hydroxy-

propyl methyl cellulose, may show confounding results.
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