Thermorheological Evaluation of a Bioglass System

By

Eakasit Sritham

A dissertation submitted in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

(Biological Systems Engineering)

at the
UNIVERSITY OF WISCONSIN-MADISON

2013

Date of final oral examination: February 15, 2013

The dissertation is approved by the following members of the Final Oral Committee:
Sundaram Gunasekaran, Professor, Food Engineering
Roderic S. Lakes, Wisconsin Distinguished Professor, Engineering Physics
Richard W. Hartel, Professor, Food Engineering
Xuejun Pan, Associate Professor, Bioenergy and Bioproducts Engineering
Troy Runge, Assistant Professor, Biomaterials, Bioenergy, Bioprocessing



In Loving Memory of My Beloved Mom and Dad



THERMORHEOLOGICAL EVALUATION OF A BIOGLASS SYSTEM

Eakasit Sritham

Under the supervision of Professor Sundaram Gunasekaran

At the University of Wisconsin-Madison

ABSTRACT

Sucrose and maltodextrin are common ingredients found in various commercial food
products. Sucrose can be readily vitrified and has the ability to form hydrogen bonding with
different other molecules. Maltodextrin has a higher glass transition temperature (Tg) than
sucrose, and it can inhibit crystallization. The aim of this study was to investigate the effect
of Na citrate on the properties and behaviors of sucrose-maltodextrin mixture. Thus,
amorphous sucrose-maltodextrin-Na citrate systems were prepared and characterized using
the modulated differential scanning calorimetry (MDSC), Fourier transform infrared
spectroscopy (FTIR), small amplitude oscillatory shear (SAOS) test and scanning electron
microscopy (SEM). Samples were formulated with different sucrose/maltodextrin ratios
(SC/MD = 7:3, 5:5 and 3:7, by mass), and Na citrate/sucrose ratios (NaCit/SC = 0, 0.1 and
0.2, by mole). Samples in glassy state were studied at two levels of residual moisture content:
low (0.27 — 0.35 %whb) and high (2.83 — 4.40 %wb). It was found that moisture and all other
components significantly affected glass transition characteristics and enthalpy relaxation

behavior of the systems.
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On average, glass transition temperatures (T4) of the systems with SC/MD of 7:3, 5:5
and 3:7 were approximately 77, 84 and 101 °C, respectively. The Tq4 tended to increase when
Na citrate was added, with a noticeable increase in Tq occurring in the system with SC/MD of
7:3 at low-level moisture content. Moisture exhibited a significant plasticization effect
lowering the Ty from approximately 106 °C to 67 °C when moisture content increased from
low to high level. The DSC data suggested that water molecules may interfere with
intermolecular interactions between glass-forming molecules causing changes in molecular
mobility of the bioglass matrix. Isothermal aging experiments were carried out on low-
moisture samples with the degree of undercooling in a range of approximately 12 — 57 °C
and aging times (t;) of 8, 20, 47 and 71 h. The Kohlrausch-Williams-Watts (KWW) decay
function fitted well with enthalpy relaxation data in general. The £ values spread over a
broad range. The enthalpy relaxation time (") and the time required for 50% completion
of the theoretical possible maximum enthalpy relaxation at a constant temperature (tyy=os)
increased with increasing maltodextrin concentration or with decreasing aging temperature
(Ta). The greatest apparent activation energy (E.), and the dramatic increase inZ*V and
t40=05 were observed upon slightly decreasing T, in the system with highest sucrose and Na
citrate concentrations (SC/MD = 7:3 with NaCit/SC = 0.2). These findings suggest that Na
citrate modulated the system by primarily interacting with sucrose, possibly forming up large
less-mobile clusters, which help improve the Ty and restrict matrix mobility.
Hydrogen bonding interaction in the glass matrices was investigated by analyzing the
OH-stretching absorption band in FTIR spectra. There was no noticeable effect of moisture

on the FTIR spectra other than the slight shifting down of OH-stretching band. The weak
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hydrogen bonding found in the system with high maltodextrin concentration indicates a
loosely packed matrix. Although Na citrate could interact with both sucrose and maltodextrin
through carboxylic groups, as evidenced by the shifting of 1,5(COQO ) and 15(COO ), this salt
tended to primarily interact with sucrose. The strongest hydrogen-bonded network was
observed in the system with highest concentration of sucrose (SC/MD = 7:3) and Na citrate
(NaCit/SC =0.2).

Rheological data were obtained from samples in the rubbery amorphous state
(moisture content of approximately 8.5 — 12.0 %whb). The SAOS tests were conducted in a
frequency range of 0.1 — 150 Hz at room temperature. It was found that maltodextrin
primarily contributed to the rigidity of the amorphous matrix which is possibly due to the
stronger glycosidic linkages as compared to those in sucrose. The system with high sucrose
concentration exhibited viscous-dominant relaxation suggesting that the viscoelastic behavior
is governed by molecular motions of small molecules—sucrose, and the configurational
vibrations of segments. These molecular motions generate heat which dissipates during the
sinusoidal deformation. On the other hand, elastic-dominant relaxation was observed in the
system with high maltodextrin concentration. Accordingly the viscolelastic nature of this
system might be mainly contributed by the stretching and bending of glycosidic linkages in
maltodextrin. The downshift of loss peak frequency (fp) in the system with SC/MD = 7:3
when Na citrate was added indicates the lesser matrix mobility; the higher Na citrate
concentration, the lower the molecular mobility. This finding suggested that molecular
interaction between Na citrate and sucrose could retard molecular mobility of the bioglass
system. The technique was also capable of detecting changes in the molecular process even

with a small variation in the matrix composition. SEM images suggested that Na citrate
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interfere with molecular interactions in the system with high maltodextrin concentration;

such interference made the system more brittle.
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CHAPTER 1

INTRODUCTION

1.1 The State of Glass

When a liquid is rapidly cooled the equilibrium crystalline state may be avoid and an
amorphous material is obtained. This phenomenon occurs due to an enormous increase in
viscosity during the cooling that prevents molecules to rearrange themselves into a crystal
lattice. The amorphous material exists as either a high-viscosity supercooled liquid, rubbery
or glassy solid, depending on temperature (Elliott et al., 1986; Allen, 1993). The temperature
at which a material undergoes the transformation from a rubber to a glass is known as the
“glass-transition temperature (Tq)”’(Young and Lovell, 1991). Such a process to convert a
material into a glassy solid without any crystalline structure is also known as vitrification. A
significantly reduced molecular mobility in the glassy state leads to its relative stability
against crystallization while the rubbery state is considerably physically unstable (Roos,
1995). The molecular disorder of a glass is characteristic of its liquid state. Glassy materials
are strong, brittle, and transparent; they become progressively soft, flexible and pliable when

heated. Molecular motions remaining in glass are only vibrational and limited rotational.
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Rubbery solids and supercooled liquids exhibit macroscopic flow due to the onset of
translational motion (Zallen, 1983). In polymer systems, a general rule is that cross-linked
amorphous polymers exhibit rubber elasticity while linear amorphous polymers exhibit flow
at temperatures above Ty (Sperling, 1986).

A number of methods may be used to produce amorphous materials (Elliott et al.,
1986; Angell, 1995). The location of Ty is dependent on the rate of cooling. Cooling at
slower rate leads to lower Ty and a more dense glass. However, the density of glassy
materials is slightly lower than crystalline form due to molecular packing in the glassy state
is less efficient (Allen, 1993). Various properties of glassy materials depend on temperature
and time since they are thermodynamically nonequilibrium. They possess more free energy
and entropy compared to their crystalline counterparts at the same temperature and pressure
conditions (Sperling, 1986).

Food material like sugars can be readily vitrified upon cooling their concentrated
solutions. It is however important to note that the physical behavior of foods may differ from
that of polymers (Roos, 1995). Amorphous sugar systems are capable of preserving seeds,
spores and living organisms under extreme conditions (Crowe et al., 2001; Buitink and
Leprince, 2004). Sugars and some other carbohydrates in the glassy state also help modulate
the stability of dry and frozen food and pharmaceutical products (Roos, 1995). The potential
of amorphous sugars in protecting biomaterials, in particular labile compounds such as

vitamins, flavors, enzymes and other proteins has caught much of attention from researchers.



1.1.1 Significance of glass transition and the state of amorphous

The primary interest in the study of glass transition and amorphous materials may
differ among disciplines. Among other issues, polymer scientists are concerned about
physical aging since this phenomenon can adversely affect properties and applications of
polymers. As for examples, the design, manufacture, and performance of polymer-based
composites, automotive applications, adhesive, permeability of packaging materials, curing
of graphic film supports (Hodge, 1995; Angell, 1997). Metallurgists focus on properties of
metallic glass, for example, very high flow stress, wear and corrosion resistance, and
magnetism, which provided variety of engineering applications (Greer, 1995). The excellent
protective property of amorphous trehalose in dry state has caught much attention from
biologists (Aldous et al., 1995; Crowe et al., 1996; Crowe et al., 1998; Crowe et al., 2001).

Certain behaviors of amorphous foods, pharmaceutical materials, polymers, ceramics,
semiconductors, optical glasses and other engineering materials are common. The relaxation
time of molecular or ionic constituents of a supercooled liquid can increase in non-Arrhenius
fashion by many orders of magnitude within a narrow range of temperature upon cooling.
Matters in this state exhibit non-exponential response to an external perturbation (Bohmer et
al., 1993; Angell, 1995). In the region near Ty or sub-Tg, the structure of this materials
evolves toward the equilibrium on a very long time scale and this is referred to as the so-
called “nonlinearity of relaxation.” The nonlinear nature arises from the coupling between
thermodynamic and dynamic properties (Angell, 1995; Hodge, 1995). The step change in a
specific heat capacity in the glass transition region is another common feature of amorphous

materials (Bohmer et al., 1993).
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However, food products generally contain a number of ingredients which give rise to
the heterogeneity in their chemical compositions and structure. In supercooled state, the
effects of heterogeneity on different modes of diffusion, particularly when the temperature is
lowered toward Tg, have been reported (Cicerone and Ediger, 1996). Besides, water which
prevails in foods plays a prominent role as a plasticizer by increasing the free volume (or the
defect concentration) between glass forming molecules (Chan et al., 1986; Champion et al.,
2000). Hence predicting the diffusion behavior of amorphous foods becomes very
problematic due to numerous variables which could affect its transport properties.

Transport property of amorphous food materials is prime important in a number of
applications. These include, for example, encapsulating labile compounds to prevent loss
during processing and storage (Schrooyen et al., 2001), or freeze-drying emulsion within an
amorphous matrix to inhibit lipid oxidation (Gejl-Hansen and Flink, 1977). Rheological or
mechanical properties are also critical for manufacturability (e.g., in extrusion cooking) and
stability of amorphous food products. The knowledge of strong/fragile behavior of materials
could practically benefit the extrusion, puffing or flaking of products. There has been
evidenced that molecular mobility exists at temperatures below Ty, and hence Ty cannot be
considered as the sole measure of stability of food products in glassy state. The kinetics of
relaxation behavior at temperatures below Ty is fundamental for predicting the loss of
stability, which leads to unacceptable textural quality in low-moisture food products

(Champion et al., 2000).



1.1.2 The challenge

Questions and unsolved problems about glass transition of matters have arisen since
scientists discovered this phenomenon. There has been a lot of effort in search of the answers
(Angell, 1996). Even though glass transition has a long and rich history of study and some
common properties of glasses are well documented (Angell, 1995; Slade and Levine, 1995;
Angell, 1996), the universally acceptable theory that is supported by all evidences from
observations and experiments is not yet firmly established (Ediger et al., 1996). The famous
quote by Anderson has long been valid until this day:

“The deepest and most interesting unsolved problem in solid-state theory is probably

the theory of the nature of glass and the glass transition” (Anderson, 1995).

Besides, new questions continually arise from observations in certain amorphous
systems. For instance, why diffusion has a weaker temperature dependence than viscosity or
relaxation time 7,7 (Mapes et al., 2006), and why crystals grow too fast in some classes of
glass? (Sun et al., 2008). This is why the study of glass transition and amorphous materials is
still active, exciting, and, of course, worth pursuing.

Like many other amorphous systems, carbohydrate glass possesses excellent
protective property which makes them attractive for numerous food applications. However,
materials in the amorphous state are thermodynamically out-of-equilibrium. Their properties
change toward equilibrium with time, generally known as “aging”. Food technologists are
then challenged as how to formulate amorphous carbohydrate with desirable functional
properties for the designated applications, and substantial degree of stability. Of course, the
knowledge about characteristics and parameters that could affect the formulated system is

fundamentally indispensable. The use of Ty as a reference temperature for predicting the rate
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of diffusion-controlled process was found to be relevant (Champion et al., 2000), even
though not exclusively since certain reactions can still take place at temperatures below Tg
(Hancock and Zografi, 1997). The concept of fragility (Bohmer et al., 1993; Hodge, 1996)
could be also benefit to process control. However, the time- and temperature-dependent
dynamic behavior of any amorphous system is not simple and need to be thoroughly
characterized. The complication arises from two reasons: first, the nonlinearity which refers
to the change of characteristics respect to time and structure of the glass; and second, the
non-exponentiality which refers to the dispersion (or distribution) of relaxation times due to
microstructural heterogeneities. It is this non-exponentiality behavior that makes the
description using a single relaxation function inadequate (Hodge, 1996; Champion et al.,
2000). Although a large dispersion of relaxation time is often found in foods, not much
consideration has been placed on it (Champion et al., 2000). Besides, more experimental data
of different materials are always needed to bring the theoretical advance into practical
usefulness in food technology. In the light of the advancement in innovative scientific
techniques, we expect to contribute further to the understanding of some properties and

viscoelastic behaviors of the selected carbohydrate system in its glassy state.

1.1.3 Purpose of study and specific objectives

The mechanisms that are responsible for stabilizing biomaterials in amorphous matrix
include vitrification and direct interaction (Crowe et al., 1998). Accordingly the desirable
protective amorphous matrix in this regard should be highly stable and has the ability to bind

with labile/sensitive molecules being protected or encapsulated.
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Among glass-forming food materials, sucrose can be readily prepared as amorphous
matrix. The primary flavor function of sucrose is generally to sweeten foods. Sucrose also
influences the flavor of foods in several ways. The addition of sucrose in small amount below
the sweet detection level could improve overall flavor in many types of food products.
Interactions between sucrose and some basic tastes including bitter, acid, and salty could
suppress these tastes resulting in the smoother flavor of foods. Also, many model studies
have shown that sucrose is effective in retaining aromas of dehydrated foods (Godshall,
1995). Sucrose is able to form hydrogen bonds with polymers to a greater extent than other
sugars having a higher Ty. This ability of sucrose could be of prime importance for the
stabilization of polymers in amorphous sucrose matrix (Taylor and Zografi, 1998; Wolkers et
al., 1998; Davidson and Sun, 2001).

The utilization of sugar glasses as an encapsulation matrix could be enhanced by
mixing with larger biomolecules such as maltodextrin; this combination could also contribute
to certain desirable characteristics. In spray drying, for example, an ideal carrier should have
a high degree of solubility, limited viscosity at 30-45% solid content, emulsifying
characteristics, good drying properties, bland taste, and non reactivity. Maltodextrin serves
well for these purposes (Desobry et al., 1999; Galmarini et al., 2008). In addition,
maltodextrin has proven to inhibit crystallization in amorphous sucrose matrix and provide
good product stability to dry powder products (Bhandari and Hartel, 2005). It was also found
that glasses which is formulated from the mixtures of sucrose and maltodextrin exhibit
stronger hydrogen bonding than pure sucrose glasses (Oldenhof et al., 2005). Other

interesting functional properties of maltodextrin are the ability to bind flavors and fat, and to
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serve as oxygen barrier (Chronakis, 1998). From economic stand point, both sucrose and
maltodextrin are considerably cheap and substantially available.

Other than mixing with larger biomolecules, the stability of an amorphous sugar
matrix could also be enhanced by the inclusion of small amount of salt. Salts can inhibit
crystallization by altering molecular interactions and reducing molecular mobility (Izutsu and
Aoyagi, 2005). The result from a sucrose crystallization study suggested that the presence of
salts constrained the number of configurations for crystal growth. This could be attributed to
the effects of salt on the nucleation mechanism of ion-induced microheterogeneities in the
supercooled solutions. It was also found that the crystallization was delayed without affecting
the Ty of the system (Longinotti et al., 2002). As a result it was proposed that the salt effect
on sucrose crystallization occurs at a molecular level, but in such a dynamic way that the
cooperative relaxations that give rise to glass transitions are not affected (Buera et al., 2005).
However, for dried glassy amorphous sodium indomethacin, it was reported that the Tq was
121 °C which is around 75 °C higher than that for the glassy indomethacin but the enthalpy
relaxation patterns at the same degree of supercooling relative to Tg were similar (Tong and
Zografi, 1999). Some recent studies reported the potential of salts to enhance the stability of
sugar glasses when residual moisture was less than 2%. It was suggested that the mechanisms
that help improve matrix stability are interactions between either ions (You and Ludescher,
2008b) or the functional groups (Kets et al., 2004) of salts and sugar molecules. Na citrate is
among salts that has caught much of interest from researchers. This type of salts has been
widely used in food products for a number of purposes.

In the light of all evidences found in literature as given above, sucrose, maltodextrin

and Na citrate appear to be potential candidates to utilize as amorphous matrix components
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for various applications in foods. However efficient formulation and process control would
be made possible only after the characteristics and behaviors of the mixture have been
thoroughly investigated. This study was aimed at gaining better understanding of the
molecular mobility in glassy sucrose-maltodextrin-Na citrate mixture. It was interesting how
salt will influence properties and behaviors of the system.

Based on all relevant evidences, we hypothesized that the inclusion of Na citrate into
amorphous sucrose-maltodextrin mixture at low moisture content would alter the molecular
structure of the system. Na citrate which contains a number of binding sites would make the
system more compact and less mobile. To test this hypothesis, aging experiments were
carried out to observe a long-term stability of amorphous sucrose-maltodextrin-Na citrate in
sub-Ty region. The calorimetric measurements were performed using the modulated
differential scanning calorimeter (MDSC) to observe glass transition and enthalpy relaxation.
Molecular interactions within the system were investigated using the Fourier transform
infrared spectroscopy (FTIR). Molecular mobility was also observed from mechanical
relaxation. A dynamic Bohlin C-VOR rheometer was employed to obtain rheological data
and mechanical relaxation behavior. Rheological measurements was expected to provide
overall viscoelastic behavior of the system in which dynamic heterogeneity prevails over
glass matrix as a result of incorporating salt into the system (You and Ludescher, 2008b).
Transport properties of amorphous matrix are closely related to its viscosity (or relaxation
time). It is these properties that govern the diffusion-controlled processes (Hachisuka et al.,
1991). Accordingly parameters obtained with rheological measurements would provide

meaningful information as an indication of the stability of the system. In addition,
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microstructural aspects of the glass matrix were also studied using the scanning electron

microscopy (SEM). The specific objectives include:

Objective 1:

Objective 2:

Objective 3:

Characterize thermal, rheological and microstructural properties as
well as molecular interaction of amorphous sucrose-maltodextrin-Na
citrate system,

Identify the effects of sucrose, maltodextrin, Na citrate, and residual
moisture content on properties, behaviors, and microstructural
characteristics of the system, and

Investigate the effect of aging conditions on molecular mobility of

the system.
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1.2 Review of Literature

1.2.1 Components of the bioglass model system

Experimental treatments of the bioglass model system were formulated from sucrose,
maltodextrin, and sodium citrate (for some treatments). Brief information about the selected

glass forming materials is given as follows.

1.2.1.1 Sucrose

Sucrose, also know as table sugar, is a disaccharide—a compound in which two
monosaccharide units are joined by a glycosidic linkage. In sucrose, one glucose molecule is
linked by the 1—-2-a,B-glycosidic bond to one fructose molecule (Campbell and Farrell,
2006). According to the International Union of Pure and Applied Chemistry-International
Union of Biochemistry (IUPAC-IUB) Commission on Biochemical nomenclature, sucrose is
systematically named as a-D-glucopyranosyl-(1—2)-B-D-fructofuranoside with the
moelcular formula of C;,H»,0;; and the structural formula as illustrated in Figure 1.1 (Perez,
1995).

A disaccharide can be classified as either reducing or non-reducing. A reducing sugar
either has an aldehyde group or is capable of forming one in the solution through isomerism.
The aldehyde functional group allows sugar to act as a reducing agent. In the formation of
sucrose, the reducing groups of both glucose and fructose molecules are mutually engaged in
glycosidic linkage. Since there is no reducing group available, sucrose is classified as a non-

reducing sugar (Stacey and Barker, 1960; Perez, 1995). A sucrose molecule contains eight
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alcohols groups, three of which are hydroxyls at the primary positions (-CH,OH) and the
remaining five at the secondary positions (-CHOH-). Due to the more exposed positions on
D-glucopyranosyl and D-fructofuranoside rings, the hydroxyls at primary positions are of
higher reactivity than those at the secondary positions (Kollonitsch, 1970; Hough, 1971).

Sucrose is usually extracted from sugarcane or sugar beets. The primary flavor
function of sucrose in foods is as a sweetener. Sucrose also possesses many other
characteristics which are important in food manufacture, e.g., increasing sweetness, osmotic
pressure, viscosity, boiling point and moisture retention, and enhancing flavour and
appearance (Brook, 1971). Some other characteristics, properties and its applications can be

found elsewhere (Brook, 1971; Clarke, 1995; Godshall, 1995; Khan, 1995)

CH,OH
= o H  §EU u
OH H H HO
OH O CH,OH
H OH OH H

Figure 1.1 The structural formula of sucrose.

Source: http://en.wikipedia.org/wiki/File:Sucrose-inkscape.svg

1.2.1.2 Maltodextrin
Starch can be hydrolysed or digested by different means into numerous products
which are described in terms of dextrose equivalent (DE) value. This value is a measure of

the total reducing power of all sugars present relative to glucose as 100, based on dry basis,
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i.e., 5 DE refers to a 100 g of sample having the same reducing activity as 5 g of glucose. The
higher the DE value the greater the degree of starch hydrolysis. Maltodextrins are products
from starch hydrolysis with the DE value lower than 20 (the term syrup solids or dextrins is
used for DE value higher than 20). They are polymers of D-glucose units primarily linked by
the a(1—4) glycosidic bonds. The basic chemical structure of Maltodextrin is illustrated in
Figure 1.2. They contain both linear amylose and branched amylopectin degradation
products, and hence incorporating a spectrum of saccharides with a broad molecular weight
distribution. The ratio of linear amylose chain molecules to branched amylopectin varies
depending on the source of starch. Most of starches contain 15% — 35% of amylose.
Maltodextrins are of bland flavor and exhibit low viscosity in solution even at high

concentrations (Chronakis, 1998; Desobry et al., 1999).

CH;0OH

OH

CH
a-1,4

2=n=20

Figure 1.2 D-Glucose unit—a building block of maltodextrin.

Source: http://en.wikipedia.org/wiki/File:Maltodextrin.png

Maltodextrins provide many desirable functions in food systems including bulking,
providing resistance to caking, adding texture and body, forming film, binding flavor and fat,

substituting for fat, serving as an oxygen barrier, giving surface sheen, aiding dispersibility
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and solubility, freezing control and preventing crystallization. They are also helpful in
reducing Maillard reaction. The excellent matrix forming property allows them to be used as
a major constituent of coating material for microencapsulation of food components such as
fat and oil, vitamins, minerals and colorants (Chronakis, 1998). Previous study has found that
maltodextrin with DE values between 10 — 20 could be satisfactorily utilized as wall material
for flavor encapsulation (Raja et al., 1989). However, the stability of microencapsulation
using maltodextrin-based coating could vary depending on the composition of coating or wall
material as well as the species of encapsulated entities (Desobry et al., 1999; Galmarini et al.,

2008).

1.2.2 Concept of the glass transition

At temperatures below melting point, liquids are in an equilibrium state known as
supercooled liquids. A supercooled liquid can be frozen when cooled below its Tg. The state
of a supercooled liquid at temperatures just above Ty is called “rubbery” due to its rubber-like
character. The event in which a supercooled liquid, specifically in rubbery state, is
transformed to a solid-like liquid (or glass), or vice-versa, is known as glass transition. The
phenomenon of glass transition is a kinetic event, not a phase transition. It depends upon the
crossing of the experimental and the molecular rearrangement time scales (Ediger et al.,
1996; Champion et al., 2000). The formation of glass involves the transition in the rate of
translational, rotational and vibrational molecular mobility. There are many routes by which
amorphous glassy state can be induced, e.g., solid-state diffusion-controlled reaction, in situ

liquid polymerization reaction, solvent evaporation, cold electrochemical deposition,
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hydrolysis of precursor organics and drying, supercooling of melt, vapor deposition, cold
compression of crystal, or shock, irradiation, or intense grinding, treatments of crystal
(Angell, 1995).

A typical semi-log plot of viscosity vs. temperature that covers glass transition region
generally shows two approximately linear sub-regions of different slopes, on glass and liquid
sides. The intersection of these lines is designated as a “glass transition temperature” (Tg).
There have been also attempts to analyze the glass transition from thermodynamics stand
point. Basically for the first-order transition like melting, fundamental thermodynamic
properties such as enthalpy (H) or volume (V) will undergo abrupt change. In the second-
order transition, only changes of heat capacity (C,) and volume thermal expansion coefficient
(o0) present (Young and Lovell, 1991). These two properties are the first derivative of H and

V, respectively, and defined as:

Cp =(8—Hj and oo:l(a—vj )
oT 0 V\oT o

Since both these properties change abruptly at Ty, some authors consider this
phenomenon a second-order thermodynamic transition (Allen, 1993). However,
thermodynamic measurements have shown that the glass transition cannot be definitely
considered as a thermodynamic event (Young and Lovell, 1991).

Figure 1.3 depicts the schematic variation of enthalpy (H) and specific volume (V)
with temperature (Hancock and Zografi, 1997). Upon rapid cooling, H and V of melt follow

the equilibrium pathway of liquid into the region of supercooled liquid. The supercooled
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liquid has the structural characteristics of a liquid but with much higher viscosity, in the order
between 107 and 10'? Pa.s. An average time scale of molecular motions within a supercooled
liquid is generally less than 100 s. Since there is no discontinuity of H and V between the
liquid and the supercooled regions, the supercooled liquid is considered as an equilibrium
state. Further rapid cooling beyond Tg, leads to a change of rate at which H and V change
with temperature yielding an out-of-equilibrium glassy amorphous state of higher H and V

compared to its crystalline counterpart.

Volume, Supercooled
Enthalpy liquid

1
1
!
| i
. 1
Tx Tg Tm

Temperature
Figure 1.3 Schematic representing the temperature dependence of enthalpy (or volume)

(Hancock and Zografi, 1997).

According to Figure 1.3, if the equilibrium line of liquid is extended toward that of
crystal, the temperature at which these lines intersect is thought to be a lower limit of
experimental Tg, also known as the critical Kauzmann temperature (Ty). At this point it is
considered that configurational entropy of the system drops to zero (Ediger et al., 1996).

Note that the configuration entropy is the part of entropy due to configurational rather
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vibrational degrees of freedom and is equal to the difference between entropy of the
supercooled liquid and that of the crystal (Ediger et al., 1996).

While the crystal state is conventionally regarded as the equilibrium state below Ty,
the supercooled liquid and glassy state are respectively considered as metastable and unstable
(Ediger et al., 1996). The mechanical behavior of supercooled liquid is similar to that of
viscoelastic rubber of polymeric materials, and like viscous liquid of low molecular weight
materials. Materials in glassy state are more like brittle solid with storage modulus of
typically around 10° Pa (Champion et al., 2000). Morphologically, the states of rubbery and
glassy are collectively called amorphous. The amorphous form is quite common for certain
classes of materials including polymeric molecules, large peptides and proteins, and some
small organic and inorganic molecules. Unlike crystalline state, the three-dimensional long
range of molecular order does not exist in amorphous. The positions of molecules in
amorphous matrix are random with the presence of only short-range order (Hancock and
Zografi, 1997; Yu, 2001).

The average molecular motions of over 100 s and the viscosity greater than 10' Pa.s
are typical in glasses (Angell, 1995). The experimentally observed Ty of any particular
system generally varies with several factors, for example, experimental conditions, sample
history, sample geometry, and the choice of techniques used. The sensitivities of
measurement techniques are dependent on types and speed of molecular motions (Hancock
and Zografi, 1997). Even with the same technique, the different Tq values may be observed
depending on how the experimental data are analyzed. For instance the Ty value obtained
with DSC depends on the definition of Tg - onset, midpoint, or endpoint (offset) (Meste et al.,

2002). Accordingly glass transition should be characterized by at least two parameters
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indicating the onset or the midpoint and the width of the transition. Also reporting the
experimental conditions along with the observed Ty values would make the data more

comprehensive (Champion et al., 2000).

1.2.3 Glass transition theories

As theoretical understanding of glass transition is still unclear, a number of theories
have been developed to describe the molecular basis of this phenomenon. These include, for
example, the free-volume theory (Ferry, 1980), the mode-coupling theory (Ngai et al., 1991;
Ngai, 1993), the entropy-controlled cooperative motion (Adam and Gibbs, 1965) and the
hierarchical correlated molecular motion (Perez, 1994). Some other theories were reviewed
elsewhere (Mansfield, 1993; Ediger et al., 1996; Champion et al., 2000). Of these, the free-
volume theory is one of the most useful approaches to analyze glass transition. The concept
of free-volume theory was initially applied for the analysis of liquid. Later it was extended to
describe the glass transition in polymers. Free volume is basically the empty space in a
material and conveniently talked about in terms of fractional free volume, relative to the
whole volume of the material. The free volume is supposed to be high in liquid state and so
molecular motions can take place easily. A reduction in temperature of a system could lead to
two consequences. Firstly, the available thermal energy for molecular motion is lessened;
and, secondly, the free volume is reduced. As the temperature is lowered, the free volume
will keep continually reduced and eventually there is not enough free volume for the
molecular rotation or translation to take place. The temperature corresponding to this point is

assigned to as the Ty (Young and Lovell, 1991).
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1.2.4 Relaxations process

Relaxation is a recovering process of a material to return to its equilibrium conditions
after subjected to perturbation. The process is usually characterized by a relaxation time (7)
or characteristic time of mobility. The relaxation time is defined as the time required for the
recovery of equilibrium after perturbation of one property of the material. The sensitivity of
relaxation process to temperature is characterized by the apparent activation energy (Ez). The
magnitude of E, reflects the degree of cooperativity of molecular motions. It is believed that
glass transition relates to the primary or ca-relaxation process of material (Champion et al.,
2000). This process is highly cooperative and complex with the E; value greater than the
chemical bond energy (Starkweather, 1988). On the other hand, the transitions at lower
temperatures are much less cooperative or even non-cooperative. The lower magnitude of E,
implies that these transitions are very localized (Starkweather and Avakian, 1989;

Kalichevsky et al., 1993)

1.2.5 Molecular mobility of amorphous materials

In the context of stability of food products, the term molecular mobility encompasses
a number of different types of motions. These include, for example, molecular displacement
or deformation, migration of solvent or solute molecules, molecular diffusion, and the
rotation of atoms, groups or polymeric branches around covalent bonds (Roudaut et al.,
2004).

The kinetics of molecular motions of amorphous matrices could be totally different

depending on the state of the matrices—rubbery or glassy. The familiar Arrhenius kinetics
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applies only for amorphous materials in the glassy state (T < Tg). In the region from melting
temperature (Tm) to Tq where the materials are in the supercooled or rubbery state, the
kinetics completely changes (see Figure 1.4). Theoretical aspects of molecular kinetics in the

region around Ty for amorphous materials are provided as follows.
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Figure 1.4 Viscosity of glassy and partially crystalline polymers as a function of reduced

temperature (T/T) (Slade and Levine, 1988).

1.2.5.1 Mobility above glass transition

At the temperature well above Ty, there is enough free volume so that molecules or
structural units can move independently from each other. Accordingly the apparent activation
energy (Ea) only corresponds to the minimum interaction energy between units, and is
independent of the temperature. In a supercooled melt, there is a higher level of interaction
energy which induces the cooperative motions of molecules. The E, is now under the
influence of the variation of free volume and the intermolecular interactions with

temperature. As a result the temperature dependence is no longer being accurately described
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using Arrhenius law. The value of E; has been reported in the range of approximately 200-

500 kJ/mol. E, increases as the temperature decreases toward Ty (Champion et al., 2000;
Meste et al., 2002; Roudaut et al., 2004).

In 1955, William, Landel and Ferry proposed the non-Arrhenius empirical equation

(WLF) to describe the effect of increasing temperature (T) on viscosity (77) or relaxation time

(7) in glass-forming systems. This equation is based on the free volume theory and applicable

in the temperature region between Ty and Tq +100. It has a form of:

(1.1)

logaT =logﬂ—10g T(T) :—|: Cl(T_Tref) :I

77(T )ref - T(T )ref C2 + (T - Tref )

where ar is called the shift factor, C; and C; are constants, and Ty is a reference temperature.
The universal values of the constants C; and C, for polymers are 17.4 and 51.6 K,
respectively (Williams et al., 1955). However these constants may fluctuate around those
universal values (Ferry, 1980). The Ty is normally used as a reference temperature in the
study of glass transition (Slade and Levine, 1988; Angell, 1997). Note here that, the viscosity

n is connected to the shear relaxation time zs through Maxwell equation:
n=G,z, (1.2)

where G, is high frequency shear modulus having only a weak temperature dependence

(Angell, 1997).
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Another expression that is often used to describe the temperature dependence of
amorphous material in the region above its Ty was derived from the entropy-based theory.
The theory proposed by Adam and Gibbs (Adam and Gibbs, 1965) is one of those and
provides a good foundation for treating nonlinearity (Hodge, 1987). By assuming hyperbolic
relation between the configurational heat capacity (Cp) and temperature (T), the heuristic

nonlinear Adam-Gibbs equation could be obtained as follows:

B
=7,¢ 1.3
T=5 XP(TT—TK/Tf ] (=

where 7 is the characteristic or relaxation time, and B and 7y are constants. This equation is
frequently used to describe nonlinear relaxation of both polymeric and non-polymeric
materials below their Tq (Mao et al., 2006). At equilibrium state above Tg, the material is
considered to be in equilibrium liquid state where T =T, then Eq. 1.3 simplifies to the well-
known Vogel-Tammann-Fulcher (VTF) equation. Originally, this equation was empirically
obtained from the observed non-Arrhenius behavior of liquid viscosity at the region of
temperatures close to the Tq (Mao et al., 2006). Later it was extended to express the

molecular relaxation process (Liu et al., 2006). The VTF has the form of:

— exp(_l_ BT J (1.4)

with T, = Tk (Hodge, 1986; Hodge, 1987; Hodge, 1995; Angell, 1996). Note that, if T.,= 0,

then the VTF equation reduces to the Arrhenius equation. When T., > 0, the temperature
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dependence is non-Arrhenius and the predicted relaxation time becomes infinite at T... The
WLF equation normally applied in polymer studies is mathematically equivalent to the VTF

equation and is in fact a special case of the VTF equation (Ediger et al., 1996; Hancock and

Zografi, 1997).

1.2.5.2 Mobility below glass transition

Glass matrices generally encompass both dense and less dense regions. In literature,
the less dense regions may be referred to as defects, heterogeneities, or density fluctuations.
These are the locations in a glass matrix where localized motions of the polymers or
translational motions of small molecules occur (Roudaut et al., 2004).

From thermodynamic view point, they are the excess entropy and enthalpy frozen-in
during glass formation that give rise to molecular motions at the temperature below Ty
(Shamblin et al., 1999). The cooperative long range molecular motions of an amorphous
material in this temperature region are however restricted. The motions which still exist are
mainly local, not involve the surrounding atoms or molecules (Meste et al., 2002). The
temperature dependence of the motions is less extreme than above Ty and tends to follow the
Arrhenius kinetic. The extent of departure from equilibrium is determined by the conditions
at which the glass was formed. As a result the molecular motions in this region are highly
dependent on the glass forming process (Hancock and Zografi, 1997).

There are several sub-Tg relaxation processes that can be observed in biopolymers and
low molecular weight sugar glass systems. Mechanical or impedance spectroscopies are the

two common measurement techniques for observing the processes. They are known as £ and

7, named according to their position relative to the primary or a-relaxation. They present
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with a low amplitude and cooperativity than that of the o-relaxation process (Champion et
al., 2000). However, the secondary or f-relaxation is the only one that has been extensively
studied. The origin of frelaxation process is still unclear and has been widely discussed.
Some researchers believe that it may involve the localized high-volume, high-entropy regions
within a glass matrix (Chan et al., 1986). In glassy sugar systems, it is related to the motions
of -OH group. It has also been reported that frelaxation could be due to the rotation of the
whole molecule of sugar since the relaxation is sensitive to the molecular structure of the
system (Champion et al., 2000). The study of sorbitol and maltitol over a wide range of time-
temperature suggested that the important part of Frelaxation is probably associated to the
intermolecular interactions (Faivre et al., 1999). It was found that the structure of glass-
forming molecules could affect the temperature at which frelaxation occurs (Noel et al.,
2000). The frelaxation process of biopolymers and low molecular weight sugars has been
reported with E; values in the range of 40-70 kJ/mole (Chan et al., 1986; Noel et al., 1996;
Noel et al., 2000; Meste et al., 2002) which is considerably lower than that of the primary or
o-relaxation at the glass transition (Noel et al., 2000).

In glass transition studies, much interest has been placed on the structural or o-
relaxation. It is believed that a-relaxation is associated with glass transition. However, there
is also a special class of secondary relaxations that has various properties bearing strong
connection with the o-relaxation, and hence the glass transition. This class of relaxations
does not involve intramolecular degree of freedom. It originates from local motions of the
entire molecules in small molecules system, or local motions of the entire repeat units in

polymers system. In fact this class of relaxations presents in all kinds of glass forming
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materials. To honor the researchers for their significant discovery and to distinguish from
trivial secondary relaxations that possess no connection to the a-relaxation, this special class

of relaxations is then named the Johari-Goldstein (JG) frelaxation (Johari and Goldstein,

1970; Kessairi et al., 2008; Roland, 2010; Capaccioli et al., 2012).

1.2.6 Structural relaxation of glass

When a glassy material is stored at a temperature under its Ty (particularly between Tp
and Tg), the remaining molecular motions in the matrix could result in a phenomenon that the
microstructure evolves towards the metastable equilibrium over time. The phenomenon
occurs with some loss in enthalpy, entropy and volume. This microstructural evolution is also

99 ¢¢

known as the “enthalpy relaxation,” “structural relaxation,” or “physical aging” (Meste et al.,
2002; Liu et al., 2006). The term physical aging was first introduced by Struik (Struik, 1978)
and could be regarded as the continuation of a-relaxation (Champion et al., 2000).

The terminologies of structural relaxation are varied among disciplines. The process
is known as “annealing” when it occurs by design and ‘“aging” when the occurrence is
unwanted. It is preferable in the glass industries and frequently referred to as “stabilization”
(Angell, 1995). In inorganic glass literature, it is traditionally referred to as “structural
relaxation.” This process is generally undesirable for polymers due to its adverse effects on
various applications and hence referred to as “aging” (Hodge, 1995). No matter what it is

called or referred to, this process reveals that molecular motions do occur below Tq (Hancock

and Zografi, 1997).
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Structural relaxation is rather common for a wide range of materials including
polymers, inorganic glasses, composites, amorphous metal and foodstuffs. It could affect the
kinetics of diffusion controlled processes and has been of prime interest in the field of food
science and engineering, and pharmaceuticals (Hodge, 1995). This process gives rise to a
more compact molecular organization and strengthening of interactions which eventually
leads to changes in mechanical and transport properties (Champion et al., 2000). It should be
however recognized that even though structural relaxation is common over a wide range of
glasses and affects a number of properties, the aging kinetics of different properties for a
particular glass material are different (Hodge, 1995). In biological amorphous systems, the
temperature- and time-dependent aging effects on glass transition and enthalpy relaxation
have been reported. It was found that the Ty and the recovery of enthalpy relaxation of aged
lactose increased with aging time (t;) and temperature (T,) (Haque et al., 2006). For normal
and waxy glassy rich starches, Tq appeared to increase as T, decreased (Chung and Lim,
2003). Physical aging has been receiving much of attention from food technologists due to its
relevance with the stability of low moisture products (Meste et al., 2002).

However, the phenomenon of structural relaxation is considerably complex. It
exhibits both nonlinearity, and nonexponentiality, or memory effect. It is believed that the
coupling of thermodynamic and dynamic properties gives rise to the nonlinearity which
significantly depends on the change of temperature. As a result of their memory effects, the
relaxation of glasses from a particular state depends not only on what that state is, but on how
the state was reached as well (Hodge, 1995). The loss of enthalpy allows the characteristic or
relaxation time of the process to be determined experimentally by means of calorimetric

technique.
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1.2.6.1 Nonexponentiality
Microstructure of glasses is commonly heterogeneous making the relaxation
complicate. As a result, the enthalpy relaxation cannot be simply described using a single
relaxation function. The distribution of relaxation time is usually described by the stretch

exponential function, also known as the Kohlrausch-Williams-Watts (KWW) decay function

(Angell, 1995; Hodge, 1995):

t B
g(t) = GXP{— (W] } (1.5)

where @(t) is the property studied as a function of time (t), and "W and £ (0 < #<1) are
parameters. The [ parameter represents the extent of nonexponentiality and usually
considered as the distribution of relaxation time. A single relaxation time with exponential
behavior will have f = 1. The smaller £ value corresponds to the more distribution of
molecular motion deviates from a single exponential behavior (Shamblin and Zografi, 1998;
Haque et al., 2006; Liu et al., 2006). This equation is written in the sense that 7" does not

depend on aging time (Hodge, 1995)

1.2.6.2 Nonlinearity

The characteristic relaxation time changes with time as it depends on both
temperature and the structural state of the glass matrix. This dependence is commonly

described by the so called Tool-Narayanaswamy-Moynihan (TNM) expression:
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xAh+(1—x)AhJ (L.6)

T =7,€X
0 p(RT RT,

a

where 1 is the relaxation time in equilibrium at an infinitely high temperature, Ah is the apparent
activation energy in the equilibrium state above Ty, R is the ideal gas constant, T, is the aging
temperature, X is the empirical nonlinearity parameter which defines the contributions of temperature
and structure state to7 (the closer to 1, the more dependency of 7 on temperature), and Ty is the

fictive temperature for a material representing its structural state. The fictive temperature is a
hypothetical temperature at which the structure of glass would be in equilibrium and is a function of
the sample temperature. It is equivalent to the intersection point of the enthalpy curves for the glassy

state and the equilibrium liquid state. It can be calculated from the following relationship:

J‘TT: (Cpl_cpg)ﬂ:_':: (Cpt_cpg)ﬂ- (1.7)

where Cpj, Cpg, and Cyp are the specific heat of the material at the liquid state, glass state, and
the glass transition region, respectively. T is a temperature well below the transition region
and T, is a temperature above the transition region (Liu et al., 2006; Aji and Johari, 2010).
The fictive temperature could also be estimated from

AH
Tf (Taﬁta)zTg _AC (18)
p

where Tg and ACp are determined from unaged sample and AH is the relaxed enthalpy

through aging (Liu et al., 2006).
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1.2.7 Factors affecting characteristics of amorphous system

Characteristics of amorphous sugar matrix are affected by various factors. Some
important factors, other than storage conditions (temperature and humidity), are —water as
plasticizer (Chan et al., 1986; Roos and Karel, 1991; van den Dries et al., 1998; Nowakowski
and Hartel, 2002), physical aging due to thermodynamically nonequilibrium nature (Kawai et
al., 2005; Haque et al., 2006), species of glass-forming molecules in the system (Roos and
Karel, 1991; Gabarra and Hartel, 1998; Nowakowski and Hartel, 2002; Shirke and
Ludescher, 2005; Seo et al., 2006), and the presence of other species like salts (Kets et al.,
2004; You and Ludescher, 2008b). Details about the effects of these factors are provided

hereafter.

1.2.7.1 Species of glass-forming molecules

In amorphous state, molecular weight of glass-forming molecule(s) directly influence
characteristics of the system. The Ty of any amorphous polymer and bio-material generally
depend on its molecular weight. For homopolymers, the Tg increases with molecular weight

of polymers in the form of (Fox and Flory, 1950):

= -9
Tg B Tg(cc) M (1.9)

where Ty is glass transition of limiting molecular weight, Ky is a constant, and M, is the
effective molecular weight. The Ty of maltodextrin with different molecular weight was

found to be in agreement with this relationship (Roos and Karel, 1991). In multi-components
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amorphous systems, for example, a system with two species of molecules, Ty could be
estimated based on free-volume theory with the assumption that the two components are
miscible, and size and shape of the two components are the same so that the packing fraction

remains unchanged, and no interaction takes place between components (Shamblin et al.,

1998). This yields the Gordon-Taylor (GT) equation (Gordon and Taylor, 1952);

B w Ty, + Kw,T,,
w, + Kw,

T

g2

(1.10)

where Wy and W are mass fraction of the first and the second components, and Tg; and Ty, are
their glass transition temperatures. The constant K relates to free volume of the components

and can be estimated using the Simha-Boyer rule (Simha and Boyer, 1962),

Tglpl
Tg2p2

K = (1.11)

where p is the density of each component. In reality, however, the prediction of Ty of multi
component systems-sugars mixtures, often deviates from the Gordon-Taylor equation due to
the differences in size and shape of components (Seo et al., 2006). In addition, the
assumption of ideal mixing associated with the free-volume theory which assumes no
interaction takes place between components is practically difficult to achieve. Also for
saccharides, the presence of hydrophilic groups usually induces hydrogen bonding formation

causing the Ty value calculated with the GT equation to be under predicted (Liu et al., 2006).
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Another approach that has been satisfactorily applied to estimate the Ty for a mixture

is the Couchman-Karasz (CK) equation in which the second-order phase transition is taken
into account. In this approach, the constant K is derived from the heat capacity change at

glass transition (Couchman and Karasz, 1978);

AC p2>GT
AC plL,GT

K = (1.12)

where ACy1e7 and ACpp et are the heat capacity change at glass transition for the two
components. The change of heat capacity is an indicative of changes on rotational,
translational, and configuration contributions to heat capacity (Noel and Ring, 1992).
Initially, the CK equation had received little attention due to non-availability of accurate
value of ACpgr for individual component. Later, the advancement in calorimetric
measurement allows the determination of an accurate ACp gt value, and then the application
of the CK equation has become practical. Even though observations from glass transition
study revealed the effect of kinetics, a better fit of the CK equation over the GT equation has
been reported (Forster et al., 2003).

In addition to the effect on primary or a-relaxation or glass transition, the structure of
glass-forming carbohydrate molecule also significantly affect the nature of secondary or /-
relaxation (Noel et al., 1996; Noel et al., 2000). In certain formulation, for example,
combining different types of sugar like sucrose and trehalose, not only slightly altered the Ty

of the system, but it could also significantly delay or inhibit, depending on mixing ratio,
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crystallization in the glass. This may be due to the mechanism of actual linking onto the

growth site or by some effects on the mobility (Roe and Labuza, 2005).

1.2.7.2 Water

Water generally prevails in biological amorphous systems at various concentrations.
It is known to have adverse effects on the systems include accelerating chemical degradation
and crystallization, and plasticization. The roles of water molecules in accelerating chemical
degradation might be as reactant, product, or medium. Some physical changes like
deterioration, stickiness and collapse of dehydrated amorphous foods are directly relates to
their Ty (Karel et al., 1993). The crystallization of amorphous solids can be accelerated by the
plasticization effect of water and by the ability of water to build units of hydrated crystals
with excipients which then crystallize as hydrates, for example, lactose, trehalose, glucose,
and manitol (Shalaev and Zografi, 1996). In food materials, water usually acts as a strong
plasticizer (Champion et al., 2000). It is believed that the increase in free volume of the
interchain and/or intrasegmental motion leads to the shifting down of T4 (Ferry, 1980; Chan
et al., 1986; Roos and Karel, 1991; Roos and Karel, 1991; Noel et al., 1996; van den Dries et
al., 1998; Noel et al., 2000). The severity of plasticizing effect also depends on the structure
of glass-forming molecules. In glassy carbohydrate system, it has been reported that the
addition of 10% water (w/w) resulted in the depression of Ty (in K) by 11 — 18%, 24%, and
27% for monosaccharide, disaccharide, and trisaccharide, respectively (Noel et al., 2000).
The result from nuclear magnetic resonance (NMR) study suggested that the plasticization

effect comes from the disruption of hydrogen-bond network between sugar molecules by
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water which then results in the higher mobility of the functional group (van den Dries et al.,
1998).

The strong plasticization effect of water could shift the a-relaxation process of glassy
carbohydrate to lower temperatures. The evidence from dielectric relaxation measurements
indicated that the a-relaxation process was broadened upon the addition of water (Chan et
al., 1986; Noel et al., 2000). It is believed that the motion of water molecules within the glass
matrix is partly responsible for the presence of f-relaxation process. The addition of water
does not only broaden the process but also shift it down to lower temperatures and increase
its strength (Noel et al., 1996). However this is not the case for polymer systems where the
plasticization effect does not affect the location and the height of frelaxation peak (Chan et
al., 1986).

Even with its adverse effects on amorphous systems, a certain level of moisture
content may still be required in some applications. As an example, amorphous capsule-
forming materials requires the matrix with some flexibility to provide optimum compression

properties (Hancock and Zografi, 1997).

1.2.7.3 Salts

In some aqueous sugar systems, it was found that salts could delay crystallization
probably due to ion-water interaction. Water adsorption of these systems was higher when
compared to water uptake by each pure component while the Tq remained unaltered. This
observation implied that the effect of salts may reflect the dynamic interactions of water-
sugar-salt which take place in the molecular level without affecting macroscopic properties

(Mazzobre et al., 2001).
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Evidences from literature suggest that the stability of amorphous sugar systems could

be improved by adding salts. This is possibly by two key mechanisms include the increase in
Ty and/or the direct effect of specific interaction between either ions or functional groups
with the glass-forming molecules. From the recent study, a clear correlation between the
increasing sodium citrate concentration (sodium citrate/sucrose mass ratio from 0 to 2.5) and
the rising of Ty value has been observed. An increased average strength of hydrogen bonding
in the mixture was evidenced by the results from FTIR analysis. In the absence of moisture,
the Ty values of sucrose-citrate mixture exceeded Ty of both pure components. It is believed
that such effect arose from hydrogen bonding in that citrate interacts with the sucrose OH via
its carboxylate group leading to a more tightly packed molecular structure than that of pure
sucrose system (Kets et al., 2004). In a binary mixture glass containing sucrose and NaCl, the
results from erythrosin B phosphorescence probe measurements revealed the suppression of
matrix mobility upon increasing NaCl/sucrose mole ratio from 0 to 0.46. However, there was
no further improvement at higher NaC/sucrose mole ratios. The results also showed a broader
distribution of dynamic sites in the glass matrix with NaCl added as compared to that in the
matrix of pure sucrose. The overall result led to a conclusion that sodium and chloride ions
interact with sucrose OH by ion-dipole interactions, forming a cluster of less mobile
molecular within the matrix. The effects of salt on amorphous sugar matrix appeared to be
dependent on concentration and type of salts. Excessive amount of NaCl in the matrix would
result in a high residual moisture content which may adversely plasticize the system (You

and Ludescher, 2008Db).
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1.2.8 Glass transition measurements

There are a number of techniques available for characterizing the glass transition
phenomenon. In general, a choice of techniques is dependent on two criteria: fundamental
(e.g., physical property studied, time and distance scale probe), and practical (e.g.,
availability, sampling requirements, measurement time and sensitivity) (Roos, 1995;
Ottenhof et al., 2003). Practically the chosen technique should closely relate to the intended
application. For instance, if one’s concern is sensory properties of food texture or the
dynamic processes like collapse or agglomeration, then the relevant techniques would
probably be mechanical spectroscopy or change in Young’s modulus or viscosity with
temperature (Meste et al., 2002).

Abrupt changes in several physical properties are observed at glass transition region.
These include the changes of entropy, heat capacity, rigidity, viscosity and thermal expansion
coefficient. Recent study also revealed the change in hydrogen bonding of sugar molecules
during glass transition (Wolkers et al., 1998). Accordingly, the measurement of glass
transition may be made using different techniques. The concepts of glass transition

measurement are briefly reviewed as follows.

1.2.8.1 Calorimetry

Glass transition is accompanied by a change in some physical characteristics of a
system. Heat capacity (C,) is among those which increases as the system transform from the
glassy to the liquid state. The change of C, allows using the calorimetric technique to probe

the transformation (Suga and Seki, 1974; Tsukushi et al., 1994). Since such change occurs as
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a function of temperature, the use of this technique necessarily involves temperature
scanning (Reid et al., 1993).

By far, the differential scanning calorimetry (DSC) has been the most common
technique for studying glass transition. In the field of carbohydrate research, there have been
a vast number of studies using DSC (Crichton and Moynihan, 1988; Roos and Karel, 1991;
Kalichevsky and Blanshard, 1992; Roos, 1993; Shalaev et al., 1996; Gabarra and Hartel,
1998; Shamblin and Zografi, 1998; Noel et al., 1999; Shamblin et al., 1999; Craig et al.,
2000; Hancock and Shamblin, 2001; Borde et al., 2002; Borde et al., 2002; Chung and Lim,
2003; Kets et al., 2004; Kawai et al., 2005; Roe and Labuza, 2005; Haque et al., 2006; Seo et
al., 2006; Liu et al., 2007; Jiang et al., 2008; Bhandari and Hartel, 2010). The important
advantages of DSC include relatively simple sample preparation and brief measurement time
(Schawe, 2002). Besides, the measurement can be conducted with good control of hydration
and this is particularly important for the study of food materials.

Experimental procedure significantly affects the value of calorimetric Ty (Borde et al.,
2002). Most importantly, the calorimetric Tg depends on the rate of temperature change -
heating and cooling rates (Crichton and Moynihan, 1988; Surana et al., 2005). The lower the
cooling rate, the lower the value of Tq. There is still a debate about whether the limiting value

of Ty exists when the cooling rate was low enough (Young and Lovell, 1991).

1.2.8.2 Dynamic mechanical spectroscopy

Dynamic mechanical spectroscopy is particularly useful for measuring glass
transition in certain materials. For products containing starch or flour, the DSC is not

sensitive enough to detect the glass transition (Nikolaidis and Labuza, 1996). In this case, the
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dynamic mechanical spectroscopy can be used to observe the progress of rheological
properties through the glass transition region. Such progress of rheological properties is an
evidence for the a-relaxation process associated with the glass transition (Champion et al.,
2000).

In sub-resonance region, the strain response of linear viscoelastic material under
sinusoidally varying stress lags the stress by some phase angle 6 due to energy loss. For shear
deformation, the ratio of stress amplitude to strain amplitude is shear or the dynamic rigidity
modulus (G*) which is divided into elastic (G’) and viscous (G”) components. The

relationships among these quantities are as follows:

Go streés_ampl!tude cosS (1.13)
strain _amplitude

and

G stre?,s_ampll_tude inS (1.14)
strain _amplitude

It could be easily seen that above two equations yield tan 6 = G"/ G’ or loss tangent
which can be viewed as the ratio of energy loss to energy recovered per cycle. In extension or
bending, given the correction for specimen geometry, the ratio of stress amplitude to strain
amplitude defines the dynamic Young’s modulus (E*) which can be divided into elastic (E’)
and viscous (E") components. Equations 1.13 and 1.14 hold true when substitute G’ with E”
and G” with E” Loss tangent arises due to the presence of some internal motion in the

viscoelastic material. The magnitude of loss tangent increases proportionately as more energy
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being lost in the frequency range similar to that of the applied stress. The peak of loss tangent
can be experimentally obtained from dynamic mechanical technique in either by frequency or
temperature scan test (Kalichevsky et al., 1993).

Under sinusoidal perturbation, the maximal energy absorption or the loss modulus

(E”or G”) will be observed when the applied frequency (f) and the average relaxation time

(7) of the system are in the following relationship:

r=— (1.15)

From physical point of view, the location where the maximal viscous or loss modulus
presents seems to be logical to designate the corresponding frequency or temperature of the o
relaxation (T,). However, the T, is conventionally assigned at the peak of loss factor or tan &
(Champion et al., 2000).

Examples of apparatus in this category are the TA Instruments Dynamic Mechanical
Analyser (DMA), Polymer Laboratories Dynamic Mechanical Thermal Analyzer (DMTA),
Rheometrics Solids Analyzer, Mechanical Spectrometer, Toyo Baldwin Rheovibron
Viscoelastometer (Kalichevsky et al., 1993), Advanced Rheometrics Expansion System
(ARES) (Kasapis et al., 1999; Kasapis and Sablani, 2005), Bohlin Rheometer, and Broad
band Viscoelastic Spectroscopy (BVS).

For a system of small molecules, mechanical spectroscopy may not be applicable for
determining T, since there is no observable peak of loss modulus or loss factor (Champion et

al., 2000). Also, specimen preparation, particularly for brittle materials, may limit the use of
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this technique. This is the case we found during preliminary work with the BVS. In addition,
care must be taken when dealing with data obtained above room temperature on the system

containing water as it is difficult to prevent water loss (Kalichevsky et al., 1993).

1.2.8.3 Dielectric spectroscopy

Instead of applying a continuous sinusoidal field, the relaxation process of certain
materials can also be observed from the decay in response to an applied pulse. The obtained
data can be then converted into a continuous waveform by using the well-known
mathematical technique called the Fourier transformation. This is the fundamental of
dielectric spectroscopy. Basically, the variations of dielectric constant as a function of
temperature or/and frequency are observed (Champion et al., 2000).

Given the relationship of the relaxation time of the a-relaxation process (7,) and the
loss peak frequency (fy) as in Equation 1.15, the dielectric Ty is defined as the temperature
where 7, is equal to 100 s. It has been shown that the dielectric Ty is in good agreement with
the calorimetric Tg (Shinyashiki et al., 2008) and the mechanical T4 (Huang et al., 1996).

Due to its sensitivity to polar groups like hydroxyl groups, this technique is well
suited for measuring the molecular mobility in solid samples containing of polysaccharides
(Roudaut et al., 1999). In hydrogen bonded materials, the dipole rotation is manifested in the
dielectric relaxation process (Gangasharan and Murthy, 1995). The dielectric spectroscopy
has proven to be a very useful tool for studying the relationship of the a-relaxation and the
Johari-Goldstein (JG) frelaxation—the special class of frelaxation process (Johari and
Goldstein, 1970; Shinyashiki et al., 2008). In addition, this technique is also a good

alternative to the mechanical spectroscopy for brittle products (Roudaut et al., 1999).
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1.2.8.4 Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy technique is used to observe the infrared absorption spectrum
of materials. The resulting absorption spectrum is considered as a molecular fingerprint with
absorption peaks corresponding to the frequencies of chemical bond vibrations in a molecule.
For identification purpose, the spectrum has to be compared to the reference spectra from an
existing data base. The term FTIR refers to the recent development in that the data is
collected and converted from interference pattern—the interferogram—to a frequency
spectrum using the Fourier transformation. By incorporating a computer system, current
FTIR instruments have become even faster and more sensitive (Coates, 2000; Anonymnous,
2010)

For amorphous matrixes formed by sugars, hydrogen bonds between hydroxyl groups
of sugar molecules are responsible for holding the matrixes. Hence, the analysis of the
vibration spectrum of hydroxyl groups of sugars would yield more understanding about the
glass transition behavior of amorphous sugar matrixes (Imamura et al., 2006). In the study of
some sugar glasses using FTIR, Wolkers and co-workers discovered that the peak wave
number for the hydroxyl groups of sugar (OH stretching vibration) linearly increased with
temperature and, for all sugars measured, there was an abrupt change of the slope of the line
at certain temperature. The temperature at the intersection of the two lines was comparable
with the calorimetric Ty in the literature. They then defined such temperature as the Ty
(Wolkers et al., 1998). This finding formed the basis of determining Ty using FTIR (Wolkers

et al., 2004b; Imamura et al., 2006).
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1.2.9 Conventional techniques for measuring molecular mobility of amorphous

materials

A general practice to estimate the degree of molecular mobility in amorphous
materials is by inferring from a relaxation process. A number of measurement techniques can
be employed to study the process. This section provides information on the common
techniques used for studying the mobility in amorphous matrix.

In the state of glass, molecular mobility has been widely studied using the dynamic
excitation techniques include dielectric spectroscopy (Johari and Goldstein, 1970; Chan et
al., 1986; Noel et al., 1996; Faivre et al., 1999; Noel et al., 2000) and dynamic mechanical
spectroscopy (Wetton, 1984; Kalichevsky et al., 1993; Faivre et al., 1999). Mechanical or
dielectric loss peak reflects a large-scale molecular motion conventionally labeled as a
primary or a-relaxation. The peak occurs at the highest temperature under constant frequency
measurements or at the lowest frequency under constant temperature measurement. This is
what underlines the onset of translational motion at the glass transition. Other peaks at
temperatures below Ty reflect localized molecular motions within the rigid glassy matrix and
is conventionally labeled as the secondary or frelaxation and/or j-relaxation if there are
more than one (Johari and Goldstein, 1970; Johari and Goldstein, 1971).

Probe measurement is another technique that has been used to monitor molecular
mobility. The measurement can be conducted using different types of probe. The accuracy of
this type of measurement greatly depends on probe size and shape (Hall et al., 1998) and also
it may be affected by the existence of interaction between probe and the amorphous matrix
(Hall et al., 1999). The use of phosphorescent probe has been reported by several researchers

(Pravinata et al., 2005; Shirke and Ludescher, 2005; You and Ludescher, 2008b). The
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strength of specific chemical bonding in the glass matrix can be determined using FTIR
(Wolkers et al., 1998; Wolkers et al., 2004b) and NMR (van den Dries et al., 1998)
measurements. The calorimetric measurement is also commonly used as a complementary
technique to determine thermal properties (Wetton, 1984; Ottenhof et al., 2003). Some more
extensive reviews of the techniques are listed elsewhere (Slade and Levine, 1993).

Here we place our attention on the calorimetric measurement and the mechanical
spectroscopy. The first has been widely used for investigating “slow” structural relaxation
process over an extended period of time. The later has been generally used to study the
“temporary” relaxation process from mechanical perturbation generally in much shorter time
of experiment. These two techniques provide different aspects of molecular motions. The
study on activation energy of enthalpy relaxation process suggested that this process
corresponds to the macroscopic mobility of molecules in glassy state — translational diffusion
(Kawai et al., 2005). On the other hand, the mechanical spectroscopy can provide
information about the Frelaxation process (Kalichevsky et al., 1993) which is believed to
reflect local mobility such as the rotational or vibrational movement of the side chain or
functional groups (Noel et al., 1996; Noel et al., 2000). So the two techniques are essentially
complementary and this is a good reason to choose these techniques for our study to obtain

more complete information about the molecular mobility in the bioglass under Tj.

1.2.9.1 Calorimetric measurement

Upon heating through the Ty, endothermic peak, referred to as the recovery of
enthalpy that lost due to structural relaxation, results at the end of glass transition process

(see Figure 1.5). The size of this peak increases with the increasing of aging time and
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temperature (Shamblin and Zografi, 1998; Haque et al., 2006). The enthalpy associated with
this endotherm may be quantified by subtracting with the response of an unaged sample with
the same thermal history. In general practice, it can be alternatively estimated by
extrapolating the supercooled liquid response to be an approximate baseline as illustrated in
Figure 1.5. The enthalpy relaxation is an indication of the extent that the sample relaxed
under the chosen storage conditions and is related to the average molecular mobility
(Hancock and Shamblin, 2001). It is believed that the relaxation occurs as a consequence of
local diffusive motion at molecular level which leads to molecular rearrangements. The
coefficient of translational diffusion may be predicted by the Stoke-Einstein relationship
(Noel et al., 1993). However, it is important to recognize that, in reality; the molecular
motions in an amorphous system are heterogeneous and are generally described by a
distribution of relaxation times. So, the relaxation times inferred from the data obtained with
this type of measurement is considered as an “averaged” relaxation time (Shamblin et al.,
1999).

Since the enthalpy relaxation process does not obey a simple exponential decay
(Oguni et al., 1990; Williams, 1991), a number of attempts have been made to analyze the
process. Among variety of approaches, the stretch exponential or the empirical Kohlrausch-
Williams-Watts (KWW) decay function, and the extended Adam-Gibbs (ExAG) have been
widely applied. These two approaches originated from different physical models. The
empirical KWW assumes the relaxation time as a special type of distribution while the ExXAG
is based on the thermodynamic concept that the configurational entropy (S¢) decreases with

aging (Kawai et al., 2005).
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Figure 1.5 A schematic diagram representing the measurement of glass transition using
DSC; (a) unaged sample shows no or very small endothermic peak while (b) aged sample
clearly shows this peak at the end of glass transition process (Shamblin and Zografi,

1998).
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However, the expressions of both approaches fit well with enthalpy relaxation data
from calorimetric measurements (Mehl, 1993; Shamblin and Zografi, 1998; Kawai et al.,
2005; Haque et al., 2006) and the interpretation of the relaxation times is in good agreement
(Kawai et al., 2005). Details of the mentioned approaches are provided as follows.
1) Estimating the average relaxation time using the KWW approach
In order to determine the average relaxation time from the enthalpy change over time
during storing or aging using this function, it is necessary to estimate the maximum possible
enthalpy recovery at each aging temperature (AH.). This can be calculated using the

following equation:

AH, =AC, & (T, T, ) (1.16)

where AC, g7 is the heat capacity change at glass transition and T, is the aging temperature.
According to Eq. 1.5, the function @(t) of interest here is the portion of unreleased enthalpy
relative to the metastable equilibrium state at T, which is defined as (Cowie and Ferguson,

1986):

. AH@®)
PO =1-—"= (1.17)

Then Eq. 1.5 can be written as (Shamblin and Zografi, 1998; Hancock and Shamblin, 2001;

Kawai et al., 2005; Haque et al., 2006):
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B
%ﬂ?=l—exp{—(ﬁj ] (1.18)
where AH(1) is the enthalpy associated with the endothermic peak after aging for a time t.

2) Estimating the effective relaxation times using the ExAG approach

This approach describes the enthalpy relaxation based on the cooperative
rearrangement region (CRR) model proposed by Adam and Gibbs (Adam and Gibbs, 1965).
The model was originally used to describe the temperature dependence of molecular
relaxation time in a supercooled liquid. Several assumptions were made in this theorem. It
was assumed that at the temperature below Ty the motions requiring diffusion or rotation
cease, and S; vanishes. Another assumption was that glasses at temperatures below Ty have
small and constant S¢. These assumptions imply that the molecular motions are constant at all
temperatures below Ty but in reality they are not (Hancock and Shamblin, 2001) and this has
been explored in many studies (Shamblin and Zografi, 1998; Noel et al., 1999; Shamblin et
al., 1999; Cerrada and McKenna, 2000; Chung and Lim, 2003; Kawai et al., 2005; Haque et
al., 2006). As a result, the model was later extended to account for the excess configurational
entropy which exists in real glasses at different temperatures (Oguni et al., 1990).

In order to account for the excess S;, which exists in real glasses at different
temperatures, it was assumed that the number of molecules involved in the CRR would
increase as the enthalpy relaxation proceeds during isothermal aging, and consequently leads
to a decrease in the S¢. As a result, the 7 increase with enthalpy relaxation during isothermal

aging and can be expressed as follows:
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d[AH, —AH®)]
dt B

Teﬁl(t) [AH, —AH(t) ] (1.19)

where z‘eﬁ(t) is defined as the effective enthalpy relaxation time.
It has been found experimentally that 7° "(t) increased with the decreasing of the

excess enthalpy and could be expressed as follows:
Inz*" (t) =Inz*" . + B[AH_ — AH(1)] (1.20)

where B and 7., are constants. ", corresponds to 7° "(t) when enthalpy relaxation has
proceeded up to the equilibrium state. In some study, the initial (or unrelaxed) enthalpy
relaxation time, 7, was also considered. According to the CCR model proposed by Adam
and Gibbs, the 7° ﬁo and 77, correspond to the relaxation time of minimum and maximum

CRR size, respectively, during isothermal aging at a given temperature (Kawai et al., 2005;

Haque et al., 20006).

1.2.9.2 Mechanical spectroscopy

This technique is conducted by applying a sinusoidal external field to couple with the
specimen so that the natural dynamic behavior of the sample is not seriously perturbed. The
dynamic response of sample is then observed as a function of frequency of the applied field
(Allen, 1993).

By considering that the motion of atoms or molecules involved in the transition

between two energy states over a certain level of energy barrier, the energy barrier or
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activation energy (Es) can be determined from the change of loss peak positions with
frequency in temperature scans or such changes with temperature in frequency scans using a

well-known Arrhenius relationship:

T=r1, exp(s_i‘_j (1.21)
where R is gas constant, T is absolute temperature and 7y is reciprocal frequency of vibration
(Kalichevsky et al., 1993).

Under isothermal experiments, the dynamic mechanical properties of polymer depend
on testing frequency. These properties are often related to certain types of molecular motion
in the polymer. The peaks of loss (or viscous) modulus and tan 6 are also regarded as a
damping effect and present at the frequency of molecular motion in the polymer. When the
applied test frequency equals the natural frequency for the main chain rotation, significant
damping occurs. The polymer tested at higher frequency will appear to be stiff since there is
insufficient time for the chain to uncoil. In contrast, the polymer will appear to be soft and
rubbery when tested at lower frequency due to the chain has plenty of time to move. There
may also be other types of molecular motion such as side group rotation which usually
results in weaker damping at different frequencies (Young and Lovell, 1991).

The instruments for conducting dynamic mechanical measurement on solid materials
may be categorized into two classes. The first class employs resonance techniques, for
example, the Torsiomatic Zwick 5204 torsion pendulum, the Plastics Analysis Instruments

torsion braid analyzer (TBA) (Kalichevsky et al.,, 1993), and resonant ultrasound
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spectroscopy (RUS) (Migliori and Sarrao, 1997; Lee et al., 2000; Wang and Lakes, 2003;
Lakes, 2004). G' and loss tangent can be obtained from the natural frequency and the decay
rate of free torsional oscillations. These instruments are not considerably versatile since it is
not straightforward to measure material properties as a function of frequency and the
frequency change during transition due to limited frequency range (Kalichevsky et al., 1993).
The second class is a non-resonance method which operates below resonance frequency. The
dynamic moduli and loss tangent are obtained from the amplitude and phase angle between
force, or torque in torsion mode, and displacement cycles of the specimen under a
sinusoidally varying applied load. Examples of this class of instruments are TA Instrument
dynamic mechanical analyzer (DMA), the Polymer Laboratories dynamic mechanical
thermal analyzer (DMTA), Rheometrics solids analyzer, Toyo Baldwin Rheovibron
viscoelastometer (Kalichevsky et al., 1993), and the Broadband Viscoelastic Spectroscopy

(BVS) (Chen and Lakes, 1989; Brodt et al., 1995).

1.2.9.3 Mechanical spectroscopy vs calorimetry

There have been a vast number of glass transition studies on food materials that relied
on DSC as a primary or a complementary technique. As noted earlier, the enthalpy relaxation
of sugar glasses was also clearly observed using this technique (Kawai et al., 2005; Haque et
al., 2006). However, some reports pointed out the failure of DSC in detecting the glass
transition of many samples when significant phase separation occurred during storage
(Wetton, 1984; Davidson and Sun, 2001). Even though DSC is sensitive to the heat change
during first-order thermodynamic transitions (e.g., melting and crystallization), the resolution

on second-order transitions is rather poor as compared to mechanical spectroscopy, which is
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sensitive to molecular relaxation with a factor of approximately 1000 times higher (Wetton,
1984). Also, a small amount of addition is possible to detect with dynamic mechanical
measurement technique while calorimetric technique provides primarily only the mobility of
the major component (Kasapis et al., 2003). From DSC measurements on composite complex
food like cookies or crackers, Labuza and co-workers suggested that the sample size of 10-
20 mg practically used for this type of measurement is too small (Labuza et al., 2004).
Another difficulty is that data obtained with the DSC are highly dependent on the
experimental conditions, specifically heating and cooling rates, and the result could lead to
an ambiguous conclusion (Moynihan et al., 1991). Details of experimental conditions should
be provided along with the report of DSC measurement.

Under the category of mechanical spectroscopy, the dynamic mechanical thermal
analyzer (DMTA) seems to be common. Monitoring relaxation process may be performed in
either frequency scan at constant temperature or temperature scan at constant frequency. The
former could provide purer data since structural changes may occur during temperature scan.
For commercially available DMTA, the experimentally accessible frequency ranges are
considerably limited, approximately 0.01 — 100 Hz in general (Kalichevsky et al., 1993), and
even a single relaxation process cannot be conveniently encompassed (Wetton, 1984). A
practical solution for such limitation is to perform temperature scan. Yet problems associated
with the use of temperature scan practice in DMTA with food materials have been reported.
The hygroscopic nature of foods could lead to moisture loss during an extreme temperature
scan experiment. In addition, the recorded temperature is not exactly the sample temperature

(Nikolaidis and Labuza, 1996).
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1.2.10 Modulated differential scanning calorimetry (MDSC)

The principle operation of traditional DSC technique is based on measuring the
differential heat flow between an inert reference and a sample. When the sample and the
reference are heated at the known rate in a control environment, the increase of their
temperature will be dependent on their specific heat. However, when heat related change
takes place in the sample, the changes of temperature of the sample and that of the reference
will be different, and can be directly related to the differential heat flow. Nevertheless, the
traditional DSC encounters three main categories of problems: analysis of complex
transitions, need for increased sensitivity, and need for increased resolution. Transitions are
complex due to the fact that they involve multiple processes, for example, the enthalpic
relaxation that occurs at the glass transition, crystallization prior or during melting. Since
traditional DSC measures only the sum of all thermal events taking place in the sample, the
multiple transitions that occur in the same temperature range often lead to confusion and
misinterpretation of the result. The results obtained with the traditional DSC measurements
are always a compromise between sensitivity and resolution. It is due to the fact that high
resolution - the ability to separate transitions that occur at a few degrees apart - requires the
use of small amount of samples with low heating rate. This requirement leads to a decrease
of the magnitude of heat flow signal and consequently results in the reduction of sensitivity.

MDSC technique is capable of extracting more information from a single DSC
measurement using the same heat flux DSC cell as the traditional DSC. Other than the same
information as obtained with traditional DSC, the MDSC provides additional capabilities
including measurement of heat capacity and heat flow in a single experiment, separation of

complex transitions into more easily interpreted components, increased sensitivity for
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detection of weak transitions, increased resolution of transitions without loss of sensitivity,
increased accuracy in the measurement of polymer crystallinity, and direct determination of
thermal conductivity. These make the MDSC technique capable to overcome all of the
limitations encountered in the traditional DSC measurements. Interpretation of complex
transition can be made possible by separating the total heat flow signal into its heat capacity
and kinetic components. Problem due to the variations of baseline signal is eliminated by
using both heat flow and temperature amplitudes to calculate the heat capacity instead of
solely the absolute value of the total heat flow. The resolution can be increased without the
expense of sensitivity by having two heating rates. The high resolution is achieved by using
the average heating rate at the desired low level while the high sensitivity is maintained by
using the high rate of instantaneous heating to create a large heat flow.

The MDSC technique applies a sinusoidal temperature oscillation (modulation)
overlaying on the conventional linear temperature ramp. Due to the fact that the underlying
heating rate is always positive; the resulting (or actual) heating rate during heating is larger
than during cooling. However, the actual variations in heating rate depend on experimental
settings including the underlying heating rate, the amplitude of modulation, and the period of
modulation. The general equation describing the calorimetric response of the sample may be

mathematically represented as follows:

dQ dT
—=C, —+ f(t,T 1.22
dt P dt +HLT) ( )

where dQ/dt is the total heat flow,
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dT/dt is the heating rate,

Cp is the heat capacity the sample,

t is time, and

f(t,T) is a function of time and temperature which governs the kinetic response of the

observed transition.

As can be seen from above equation, the total DSC heat flow consists of two
components. The first component is heating rate dependent which directly follows the
modulated heating rate. The second is a kinetic component which depends on absolute
temperature and time, and does not follow the heating rate (Anonymous, 1996).

It may be also considered that the heat capacity of the sample consists of two
contributions. The first is the baseline heat capacity resulting from the heat necessary to
change the temperature of the sample without changes in the phase or phase distribution,
which is considered as reversing in the time scale of the modulation applied. The second
contribution is the so called excess heat capacity that arises from other heat-related changes
taking place in the sample which can be reversing, nonreversing, or partly reversing (Wurm
and Schick, 2003). As compared to Eq. 1.22, all of the reversing contributions go to the first
term of the right hand side while the nonreversing contribution is represented by the second
term.

Raw data signals (modulated temperature and modulated heat flow) are deconvoluted
or separated into the average and amplitude by the discrete Fourier transformation. This
computation is executed over one complete cycle of the respective raw modulated signal. The
heat capacity signal can be calculated from the amplitudes of those signals by the following

equation:
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C, = Kc{%m j(—pe;fdj (1.23)

amp

where C, is the heat capacity,

Kcp  is the heat capacity calibration constant,

Qamp 1 the amplitude of modulated heat flow signal,

Tamp  1s the amplitude of modulated temperature signal, and

period is the modulation period.

The reversing heat flow is calculated by multiplying the C, by the underlying heating
rate. Then the nonreversing heat flow is readily obtained as the difference between the total

heat flow and the reversing heat flow (Anonymous, 1996).

1.3 Summary

Certain classes of liquid can be rapidly cooled so that the equilibrium crystalline state
is avoided and the resulting materials are in glassy. This process is known as glass transition
and is characterized with the temperature Tyg. The molecular disorder of glassy state is
characteristic of liquid but it physically appears solid-like. Glassy materials are out of
equilibrium and gradually change toward equilibrium over time, the so called physical aging.
Changes in a number of properties can be observed in the aged glass.

Glass transition phenomenon has long been of interest across various disciplines.
Even though this phenomenon is not yet clearly understood, glassy materials have become

attractive in various applications. In the field of food technology, the excellent protective
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property of glass could be beneficial to the encapsulation of labile compounds, e.g., flavors,
vitamins, or the drying of bacterial cultures, enzymes and proteins.

Sucrose and maltodextrin are among high potential food materials to utilize as an
encapsulation matrix. They are common ingredients found in various commercial food
products. Though the T4 of sucrose is not considerably high, its ability to form a great extent
of hydrogen bonding with other kinds of molecules is prominent. On the other hand,
maltodextrin possesses a higher Ty and could inhibit crystallization in amorphous sucrose.
The strength of hydrogen bonds in sucrose glass could be improved upon mixing with
maltodextrin (Oldenhof et al., 2005). Besides, literature has suggested a possible application
of salts in amorphous carbohydrate systems. Salts could help increase Ty (Kets et al., 2004)
and reduce molecular mobility within amorphous sucrose matrix (You and Ludescher, 2008a;
You and Ludescher, 2008b).

In this study, a bioglass model system was formulated with sucrose, maltodextrin and
Na citrate. It was aimed at investigating the effects of these components on properties and

behavior of the system.
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CHAPTER 2

THERMAL EVALUATION OF SUCROSE-MALTODEXTRIN-Na

CITRATE BIOGLASS

2.1 Abstract

Sucrose-maltodextrin-Na citrate bioglass model systems were characterized using
modulated differential scanning calorimetry (MDSC). Samples were formulated with
sucrose/maltodextrin ratios (SC/MD) of 7:3, 5:5 and 3:7 (by mass), and Na citrate/sucrose
ratios (NaCit/SC) of 0, 0.1 and 0.2 (by mole). Two levels of residual moisture content, low
(0.27 — 0.35 %wb) and high (2.83 — 4.40 %wb), were studied. It was found that moisture
content and components of the systems played significant role on their glass transition
characteristics and enthalpy relaxation behavior. On average, glass transition temperatures
(Tg) of the systems with SC/MD of 7:3, 5:5 and 3:7 were approximately 77, 84 and 101 °C,
respectively. Tq values tended to increase when Na citrate was added, with a noticeable
increase occurring in 7:3 SC/MD system at low moisture content. The addition of moisture
had a significant plasticization effect on the bioglass; Tq decreased from approximately 106

°C to 67 °C when moisture content was increased from low to high level. The analysis of
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DSC thermograms suggests that water molecules may interfere with intermolecular
interactions between glass-forming molecules causing changes in molecular mobility of
bioglass matrix. Isothermal aging experiments were carried out on low-moisture samples
with the degree of undercooling in a range of approximately 12 to 57 °C and aging times (ta)
of 8, 20, 47 and 71 h. In general, the Kohlrausch-Williams-Watts (KWW) decay function fit
well with the experimental enthalpy relaxation data. The £ values spread over a broad range.
The enthalpy relaxation time (7“) and the time required for 50 % completion of the
theoretical possible maximum enthalpy relaxation at a constant temperature (tyy-os)
increased with increasing maltodextrin concentration; similar effect on W and tgty=0.5 was
found when the aging temperature (T,) was lowered. In the system with high sucrose and Na
citrate concentration (SC/MD of 7:3 with NaCit/SC of 0.2), a dramatic increase inZ"" and
t4n-05s was observed upon slightly decreasing T,. This system also exhibited the greatest
apparent activation energy (E,). The findings revealed the ability of Na citrate to enhance the
stability of low-moisture bioglass. Na citrate may modulate the system by primarily
interacting with sucrose and form large less-mobile clusters, which helps to improve Ty and

restrict matrix mobility.

2.2 Introduction
A number of common food processes, such as drying, freezing, grinding, extrusion
etc. yield products in the form of amorphous or partially amorphous (Liu et al., 2007). This

class of products usually faces stability issues. For the most part, glassy products possess
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considerably low level of water activity and so their microbial stability is not a significant
concern; however, their chemical and structural stabilities are (Poirier-Brulez et al., 2006).

Glass transition temperature (Tg) is an important property of amorphous materials.
The Ty has been found to relate with a number of physiochemical changes in dried food
products, for instance crystallization, collapse, stickiness. Accordingly, the Ty has become a
good indicator of quality changes in food products during storage (Bhandari and Howes,
1999; Le Meste et al., 2002). However, in some cases, temperature and moisture content
related changes in food and biomaterial properties were not satisfactorily explained using
solely the concept of glass transition (Champion et al., 2000).

The glassy state is thermodynamically out-of-equilibrium. Therefore, glassy materials
progressively change over time towards equilibrium when stored in the region of temperature
below Ty due to the structural relaxation process. This process is believed to be due to the
residual molecular motions which allow glassy materials to evolve to a lower state of energy
(Struik, 1976). As a result, this process leads to loss of volume and enthalpy, and a decrease
in molecular mobility, which then manifest in to different changes in macroscopic or physical
properties—the so called physical aging—such as toughening, lower diffusion, increased
density or decreased oxygen permeability (Struik, 1976; Boersma et al., 2003; Surana et al.,
2005). Structural relaxation or physical aging is a common phenomenon for all glassy
materials, both organic and inorganic glasses. Struik has stated that nearly all aspects of
physical aging can be explained using the concept of free volume (Struik, 1976). Note that in
literature, the terms structural relaxation, physical aging, or enthalpy relaxation may be used

interchangeably (Liu et al., 2007).
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In fact, there are several modes of relaxation in a glass matrix, namely, the primary or
a- relaxation; the secondary, including f- and j, relaxations. However only the o~ and /-
relaxations have been widely studied. The a-relaxation is associated with the motion of the
whole molecule and relates to the structural relaxation. The f-relaxation is believed to
primarily correlate with the motions uncoupled to that of the entire molecule, i.e., the intra-
molecular motions, such as the rotation of a side chain on a polymer or a localized motion of
a small group of atoms on a large molecule (Kawakami and Pikal, 2005). The f-relaxation of
this origin is naturally not relevant to the structural relaxation (Kessairi et al., 2008).
However, Johari and Goldstein (Johari and Goldstein, 1970) discovered another class of /-
relaxation, which originated by the local motions of the entire molecule in rigid molecular
glass formers. This type of secondary relaxation was then named the Johari-Goldstein /-
relaxation (Ngai and Paluch, 2004) and it is believed to be relevant to the structural
relaxation or the glass transition (Kessairi et al., 2008). It is usually the slowest secondary
relaxation (Shinyashiki et al., 2008). In polysaccharide systems f-relaxation could also arise
from local conformation changes of the main chain (Bidault et al., 2005).

For the most part, however, structural relaxation is generally regarded as a
continuation of a-relaxation or glass transition (Champion et al., 2000; Liu et al., 2006).
Given their thermal history and degree of non-equilibrium, the evolution of glasses towards
equilibrium is usually predictable (Yu, 2001). However, the exact origins of relaxation
behavior in complex systems including foods are difficult to define (Liu et al., 2006) and is

still be a matter of debate.
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The rate of structural relaxation is mainly proportional to the degree of undercooling
—the difference between the aging temperature and the Tq. The presence of relaxation in
amorphous materials below their Ty values is a clear evidence for the ongoing molecular
mobility of materials in their glassy state. The possible range of temperature over which
structural relaxation exists is extended from the Ty down to the first secondary relaxation
temperature, conventionally designated as Tp where secondary motions become frozen
(Struik, 1976). Structural relaxation can be studied using a number of techniques with
different time scales. By observing the time evolution or frequency dependence of material
properties, e.g., enthalpy, volume, viscosity, shear modulus, dipole relaxation, depolarization
current, or nuclear spin relaxation, the characteristic time can be then obtained (Yu, 2001).
Molecular mobility of amorphous food and biological materials below their Tq is
usually investigated by studying their enthalpy relaxation. Differential scanning calorimetry
(DSC) has long been used for studying glass transition and enthalpy relaxation, as either the
primary or the complementary measurement (Gangasharan and Murthy, 1995; Shamblin and
Zografi, 1998; Desobry et al., 1999; Vanhal and Blond, 1999; Craig et al., 2000; Borde et al.,
2002; Tong et al., 2002; Kilmartin et al., 2004; Wolkers et al., 2004b; Izutsu et al., 2005;
Kawai et al., 2005; Kilburn et al., 2005; Haque et al., 2006; Mao et al., 2006; Liu et al., 2007;
Kadoya et al., 2008; Farahnaky et al., 2009). The extent of structural relaxation or the
enthalpy relaxation is usually measured as the recovery of the lost enthalpy—the excess
enthalpy frozen in when a liquid undergoes glass transition—associated with the glass
transition event during the heating cycle of the aged glass. The measurement of enthalpy
recovery is generally carried out on a sample which has been aged or stored at a temperature

below Ty (Surana et al., 2005; Poirier-Brulez et al., 2006). Previous thermal history of the
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sample is practically erased prior to the aging process simply by heating an amorphous
sample up to the temperature at least 40 K above its Ty (Urbani et al., 1997; Liu et al., 2007).

In many cases, amorphous compounds with similar Ty exhibit substantially different
crystallization tendencies at the same environmental conditions (Mao et al., 2006). This
would be due to the difference in molecular relaxation dynamics of the amorphous matrices.
Consequently, the information about enthalpy relaxation behavior of food and biological
materials along with their Ty is important and necessary for predicting the stability of food
products or for designing the products with the desirable functional characteristics.

Even though the mechanisms of molecular processes taking place within a glass
matrix have not been well established, the effects of matrix compositions on the properties
and behaviors of materials in the glassy state are clearly observed (Poirier-Brulez et al.,
2006). Nevertheless, not much information on the enthalpy relaxation of food and biological
materials has been published in the past decade. This experiment was aimed at investigating
the dependence of calorimetric properties and behaviors of the sucrose-maltodextrin based
bioglass systems on sucrose, maltodextrin, Na citrate and moisture content using the
modulated DSC technique. It is expected to provide information of both theoretical and

practical importance.

2.3 Materials and Methods

2.3.1 Materials

Sucrose (crystalline/NF/EP/BP/JP) and trisodium citrate dihydrate were purchased

from Fisher Scientific (Fair Lawn, NJ). Maltodextrin powder (dextrose equivalent, DE
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maximum 20 %, total solids min. 90 %, lead 0.5 mg/kg, residue on ignition 0.5 %, sulfur
dioxide 10 mg/kg, protein 0.5 %) was purchased from Spectrum Chemical Manufacturing
Corporation (Gardena, CA). All ingredients were used as received without further

purification.

2.3.2 Experimental design

The experimental factors and their levels in this study are listed in Table 2.1. Details
of experimental treatments are provided in Table 2.2. Two replicates were prepared for each

treatment, and the order of experiment was completely randomized.

Table 2.1 Factors and their levels in the experimental design

Levels
Factors
-1 0 1
Sucrose/Maltodextrin (SC/MD, mass) 7:3 5:5 3.7
Na citrate/Sucrose (NaCit/SC, mole) 0 0.1 0.2
RH of equilibrating atmosphere Low - High




Table 2.2 Experimental design
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. . Na .
Treatment | Equilibrating Citrate: Sucrose: ‘ Sucrose® | Maltodextrin® ‘Na .
code atmosphere Maltodextrin Citrate
Sucrose
Trt-7300 0 7:3 70 30 0
Trt-5500 0 55 50 50 0
Trt-3700 0 3.7 30 70 0
Trt-7301 0.1 7:3 66.78 28.62 4.61
Low RH
Trt-5501 0.1 5.5 48.33 48.33 3.33
(~1%) '
Trt-3701 0.1 3-7 29.39 68.58 2.03
Trt-7302 0.2 73 63.84 27.36 8.81
Trt-5502 0.2 55 46.77 46.77 6.45
Trt-3702 0.2 3-7 28.81 67.22 3.97
Trt-7300 0 7:3 70 30 0
Trt-5500 0 55 50 50 0
Trt-3700 0 3.7 30 70 0
Trt-7301 0.1 7:3 66.78 28.62 4.61
High RH
Trt-5501 0.1 5.5 48.33 48.33 3.33
(~11%) '

Trt-3701 0.1 3.7 29.39 68.58 2.03
Trt-7302 0.2 73 63.84 27.36 8.81
Trt-5502 0.2 55 46.77 46.77 6.45
Trt-3702 0.2 3-7 28.81 67.22 3.97

¢: % mass (dry basis)
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2.3.3 Sample preparation

Ingredients were weighed according to the predetermined amount for each
formulation as given in Table 2.2 and dissolved with deionized water yielding a total volume
of approximately 150 mL. The solutions were then stirred at 150 rpm using a magnetic stirrer
for 3 h prior to heat evaporation process. The sample solutions were continuously stirred
while heating beginning at 145 °C in the initial stage and gradually increased up to 175 °C to
bring the moisture content down to approximately 4.5% — 9%. These temperatures were that
if the hot plate setting and the actual temperature of the solution would be lower. The
progress of moisture reduction was monitored by weighing. This level of moisture content
was the lowest range attainable by heat evaporation process in this experiment. At very low
level of moisture content, the samples with high maltodextrin concentration became highly
viscous and moisture evaporation was extremely slow. High viscosity of the solution also
made it difficult for the magnetic stirrer to function, virtually stopping it at the very end of
heat evaporation process. Note that the heating step in this experiment was selected to avoid
the decomposition of sucrose, which reportedly occurs near the vicinity of melting of many
sugars (Jiang et al., 2008). Sucrose melts at around 186 °C. Once moisture content reached
the level mentioned above, the molten mixtures were spread over a flat Teflon surface
allowing them to rapidly cool down to room temperature. The samples were then transferred
to a desiccator before subsequent grinding process.

Glass samples were ground and sieved through a 170-mesh screen, corresponding to a
90-um opening, to obtain samples as a fine powder. Samples were spread evenly as a thin
layer on aluminum trays, which were then hung underneath the lid of hermetically sealed

glass jars. Each of the nine samples in the first group, labeled as “Low RH” equilibrating
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atmosphere in Table 2.2, was stored in an individual glass jar containing phosphorus
pentoxide (P,Os) to maintain the relative humidity (RH) of the enclosed atmosphere at
approximately 1 %. Each of the other nine samples in the second group, labeled as “High
RH” equilibrating atmosphere in Table 2.2, was stored in individual glass jar containing
saturated lithium chloride (LiCl) solution to maintain the RH at around 11 %. Samples were
stored for at least three months to allow for equilibration. The moisture content of the

samples was continually monitored by weighing and Karl Fischer titration.

2.3.4 Moisture determination

After several months of equilibration, the moisture content of samples was measured
via the Karl Fischer titration technique. Measurements were conducted using the Volumetric
Karl Fischer titrator—model 795 KFT Titrino (Metrohm Ltd., Herisau, Switzerland)
equipped with the 703 Ti Stand and a temperature control unit. The stand provided agitation
during the measurement. The temperature control unit supplied controlled-temperature water
flowing around the measuring vessel which contained approximately 50 mL of 2:1
MeOH:Formamide solvent. The measurements were done at 50°C as recommended for most
confectionary products. Calibration or adjustment factor was determined using deionized
(DI) water prior to the measurements on samples. The measurement on DI water was
repeated five or six times and the adjustment factor was calculated using Equation 2.1. The
sizes of ground sample ranged from 0.07 g to 0.23 g with an average value of 0.15 g. Each
weighed sample was directly loaded into the vessel and dissolved for 4 min before starting

the measurement. At least two measurements were carried out for each sample. True
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moisture content of sample was then determined by multiplying the measured value with the

adjustment factor.

Adjustment factor = 100 2.1

Avg. moisture measures for DI water

2.3.5 Calorimetric measurements

2.3.5.1 DSC settings

The calorimetric measurements were carried out using a modulated differential
scanning calorimeter (MDSC) equipped with a refrigerated cooling system (Model 2920, TA
Instruments, New Castle, DE). Nitrogen was used as purge gas to prevent condensation and
control the atmosphere within DSC cell at the flow rate of 35 mL/min. It was also used as a
cooling medium flowing through the cooling unit at the rate of 150 mL/min. A wide range of
temperature scanning rates, from 0.1 K/min to 20 K/min, have been used in studies reported
literature. Since calorimetric Ty is sensitive to the temperature scan rate, both during heating
and cooling, Angell suggested a rate of 10 K/min to allow more meaningful comparison with
the results obtained from spectroscopy techniques such as dielectric (7zgielectric=100 s) or
dynamic mechanical (fnax=0.001 Hz) (Angell, 1997). This heating rate has also been
suggested to minimize the impact of experimental conditions on enthalpy relaxation
determination (Liu et al., 2006). Hence, a heating rate of 10 °C/min was selected along with

the cooling rate of 15 °C/min for all experiments. The temperature and heat flow calibrations

were performed on the MDSC system using indium (melting point of 156.6 °C), tin (melting
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point of 231.93 °C), and distilled water (melting point of 0.0 °C). Temperature modulation

amplitude was set as =1 °C with a period of 60 s.

2.3.5.2 DSC sample preparation

Hermetic aluminum pans and lids were weighed prior to be filled with powder
samples. The sample filling was done within a glove box flushed with Nitrogen gas. The
relative humidity inside the glove box was brought down to approximately 5% before
samples were taken out form the storage bottles. Samples were filled into the pans, closed
with the pre-paired lid, and tightly sealed using a sample press. The sealed sample pans were

then weighed and the sample mass was calculated, which were in the range of 10 to 17 mg.

2.3.5.3 DSC measurements

A sealed empty pan was used as a reference placing it inside the DSC cell along with
the pan containing the measurement glass sample. Samples were subjected to two cycles of
heating and cooling temperature scans, which covered the range of approximately 40 °C
below the onset-Tq up to approximately 40 °C above the offset-Tg of the each sample. The Ty
values of were determined from the second cycle.

Aging experiment was conducted on samples which were equilibrated in the
atmosphere of P,Os. Before aging, samples were subjected to two cycles of heating-cooling
and then heated up again to the designated aging temperatures (T,). This temperature
program is schematically represented in Figure 2.1. The first temperature scan was to erase

thermal history of the samples. The Tq and the onset, the midpoint, and the offset, as well as
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the change in heat capacity at glass transition (ACpgr) values were determined from the
second temperature scan. After completing all temperature scans by DSC, samples were
transferred to store in glass bottles containing P,Os and isothermally aged in an oven at
different T, for various aging times (ta) of 8, 21, 47 and 71 h. Since Ty of samples depends
mainly on the concentration of sucrose and maltodextrin, the designated T, for treatments
with different SC/MD were not entirely similar. The T, was considered within a range of
approximately Tg— 40 °C for most of the samples. According to this criterion, the T, values
shown in Table 2.3 were chosen. At the end of the aging period, the samples were removed
from the oven and subjected to temperature scan again by cooling down to approximately 40
°C below Ty and heating up to approximately 40 °C above Ty (Figure 2.1). The endothermic
recovery peak located at the end of glass transition region was analyzed from the DSC
thermogram obtained in this temperature scan. This endothermic peak reflects the enthalpy
relaxation of sample after aging. The area of endothermic peak or enthalpy recovery (AH)
was determined by constructing a tangent to the thermogram from the temperature region
above Ty and extrapolating backwards to lower the temperature. These methods for
determining Tq and AH (Figure 1.5) are similar to that of Shamblin and Zografi (Shamblin
and Zografi, 1998) and were done using the Thermal Analysis software (TA Instruments Inc.,
New Castle, DE).

Three measurements were made at each level of Tq and ta. The whole scheme of aging

or enthalpy relaxation experiment is presented in Figure 2.2.
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Table 2.3 Aging temperatures (T,) for treatments with different levels of SC/MD

SC/MD T4 (°O)
7:3 60, 70, 75
5:5 70,75, 80
3:7 80, 85, 90
Temperature

A

Aging period

v

Time

Figure 2.1 Schematic representation of the temperature program used in the measurement of

enthalpy relaxation.



[ 1% Treatment ] —_——— [ 9™ Treatment ]

Tal Ta2 Ta3

tal ta2 ta3 ta4

( Measurement 1 ) (Measurement 2 ) (Measurement 3 )

Figure 2.2 The scheme of DSC test runs for aging experiments.
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2.3.6 Statistical analysis

The results were statistically analyzed using the IBM SPSS Statistics 19 computer
package. The analysis of variance (ANOVA F-test) was first conducted using the general
linear model (GLM). A post-hoc analysis was then performed when any significant effect
was detected. Comparisons using the Least Significant Difference (LSD) for one pair
comparison or the Tukey’s range test for simultaneous multiple comparisons were conducted

at a significance level (o) of 0.05. The Tukey test is preferable since it helps to control the

experimentalwise or family error rate—the overall error rate—at the selected o level

(Montgomery, 2005).

2.4 Results and Discussion

2.4.1 Moisture content

The method of sample preparation used in this experiment yielded bioglass samples
with considerably low level of residual moisture content. The moisture content of samples
equilibrated in low- and high-RH atmosphere were in the range of 0.27 — 0.35 %wb (mean
value = 0.31 + 0.04 %wb) and 2.83 — 4.4 %wb (mean value = 3.64 + 0.52 %wb), respectively
(Figure 2.3). The mean values were significantly different statistically (Appendix. 2.1). The
follow-up analysis (Table 2.4) indicated that the moisture contents of samples equilibrated in
low-RH atmosphere were not significantly different (p = 0.906) while this was not the case
for those samples equilibrated in high-RH atmosphere (p < 0.001). Additional details of

statistical analyses are given in Appendix. 2.1.



85

Even though the residual moisture contents of the samples equilibrated at high-RH
atmosphere were not uniform, the magnitude of difference was only marginal. Besides, this
level of moisture content still falls under the same range with that of low moisture
commercial food products, e.g., common snacks (Sheppard et al., 1978; AquaLab, 2012) or
cereals (Windham et al., 1997; Archibald and Kays, 2000). It was found that amorphous
sucrose prepared by freeze drying a solution and hydrating the freeze-dried sample over
saturated LiCl solution yielded a comparable level of residual moisture content (Ottenhof et
al., 2003).

In large part, the residual moisture content of the samples equilibrated in high-RH
atmosphere tended to increase with increasing maltodextrin concentration or Na citrate
concentration. The average values of residual moisture content for the samples with SC/MD
of 7:3, 5:5 and 3:7 were approximately 3.10, 3.64 and 4.20 %wb, respectively. For samples
with NaCit/SC of 0, 0.1 and 0.2, the average values were around 3.39, 3.69 and 3.85 %wb,
respectively.

Heat evaporation technique used was primarily to avoid any decomposition of
components in the system. During sample preparation, we noticed the increasing viscosity of
the melt with the increase of maltodextrin concentration. With the selected heating scheme—
time and temperature, the final moisture content of samples with high maltodextrin
concentration after heat evaporation did not reach the pre-determined moisture content of 4.5
%wb. Even after long-time equilibration in the atmosphere over saturated LiCl solution, the
residual moisture content of the sample did not reach the same level as that of the samples
with lower maltodextrin concentration. Maltodextrin consists of glucose polymers with a

broad spectrum of chain lengths and molecular weights (McPherson and Seib, 1997;
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Chronakis, 1998). These bulky molecules lead to an increased viscosity of a bioglass system.
Also, the three-dimensional network of glucose polymers in maltodextrin possesses a high
degree of water holding capacity (Chronakis, 1998). Accordingly, high maltodextrin
concentration may result in some adverse effects on the application of a bioglass system.
Firstly, a high viscosity would cause a systematic difficulty in certain processes such as
extrusion cooking. Secondly, the water held inside the matrix of glucose polymers could in
turn plasticize the system resulting in a decrease of Tg.

As far as salt is concerned, sodium (Na") as an electrolyte ion could strongly bind
water molecules, and so the residual moisture content of glass samples was dependent on
sodium citrate concentration. A similar result was found in a freeze-dried amorphous of
NaCl-sucrose mixture (You and Ludescher, 2008b). Also for the systems formed with larger
glass-forming molecules, i.e., amorphous potato and cassava starches prepared by extrusion
cooking, freeze-drying and then equilibrating over different super saturated salt solutions, the
presence of NaCl made the systems more hygroscopic. The effect of NaCl was more
dramatic when the samples were equilibrated at relatively high RH — more than 70%

(Farahnaky et al., 2009).
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Figure 2.3 Residual moisture content of bioglass samples equilibrated in the atmosphere of
low and high RH. Data are means of two replicates, and the error bars reflect standard
deviation. The first two figures appearing in the names of treatments indicate SC/MD, e.g.,
73 represents a ratio of 7/3; the last two digits indicate NaCit/SC, e.g., 01 represents a ratio of

0.1.



Table 2.4 Summary of the follow-up ANOVA table for residual moisture content analysis

Type III Sum Mean )

Source df F Sig.

of Squares Square
Treatment 2332 8 291 62.572 .000
RH_Level 99.634 1 99.634 21388.265 .000
Treatment * RH_ Level 2.161 8 270 57.982 .000
Treatment (@ RH_Level
Treatment (@ RH_Level=Low 012 .002 0.4 .906
Treatment @ RH_Level=High 4.480 .560 112 .000
Error .084 18 .005
Corrected Total 104.210 35

88
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2.4.2 Glass transition temperature

The extent of relaxation is known to affect Ty value of amorphous materials,
particularly when measured with conventional DSC (Wungtanagorn and Schmidt, 2001;
Surana et al., 2005). Accordingly, representing the Tq values of samples stored at different
times and temperatures is inappropriate. Thus Ty values reported here are those collected
from samples before aging. In addition, two measuring techniques were applied to obtain
more precise values of Tg. First, each sample was heated to around 40 °C above its Ty as
suggested in literature (Liu et al., 2006). Second, the MDSC technique used this study
allowed the decomposition of the total heat flow into reversing and non-reversing
components. This way, the reversible transitions (glass transition, melting) can be observed
separately from non-reversible transitions (enthalpy recovery, evaporation) and the Ty values
could be determined from the reversing heat flow signal without interferences from the
endothermic peak associated with enthalpy recovery, or other peaks induced by thermal
history.

A large number of Ty measurements was obtained according to the aging
experimental scheme for samples with low moisture (Figure 2.2) which yielded a total of 648
measurements (36 per treatment x 9 treatments x 2 replicates) plus 54 measurements for the
high moisture content samples (3 per treatment x 9 treatments x 2 replicates). The Ty values
shown in Tables 2.5 and 2.6 represent mean * standard deviation from two replicates; the
value of each replicate was obtained by averaging over a number of measurements

mentioned above. Figure 2.4 is a typical of DSC heat flow and the locations of onset-Tg, mid-
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Ty, and offset-Ty on a reversing heat flow signal. However, it should be noted that the T,
being discussed in this section are solely the mid-Ty.

The ANOVA revealed that all the main effects from three factors, RH of equilibrating
atmosphere (RH_Level), NaCit/SC and SC/MD and all two-way and three-way interaction
effects on Ty values were statistically significant (p < 0.001; Table 2.7). Additional details of
statistical analyses on the Ty are given in Appendix 2.2. The data were further analyzed by
considering them according to the levels of equilibrating RH, i.e., the levels of residual
moisture content.

From the follow-up analysis (Table 2.7), it could be seen that the interaction effect
between NaCit/SC and SC/MD was significant (p < 0.001) only for samples with high
residual moisture content (2.83 — 4.4 %wb); the effects of NaCit/SC and SC/MD on Ty values
were independent.

The Ty values of samples with different levels of residual moisture content were
significantly different. On average, increasing the residual moisture content from low (0.27 —
0.35 %wb) to high (2.83 — 4.4 %wb) level resulted in the reduction of Ty from approximately
106 to 67 °C, which indicates a strong plasticization effect of water on bioglass samples.

At high-level moisture content, the Ty was significantly higher with Na citrate, 67 to
69 °C compared to 64 °C for the samples without Na citrate (Table 2.8). However, the T
values of samples with different NaCit/SC did not differ significantly. As SC/MD decreased,
or the concentration of maltodextrin increased, the Ty increased significantly at every level of
increase in maltodextrin concentration from approximately 61 to 64 and to 76 °C (Table 2.9).

The increase of Ty of a mixture upon the increasing concentration of large glass-forming
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molecules was as expected, since Tg strongly depends on molecular weight (Le Meste et al.,
2002)

In samples with low-level moisture content, the effects of NaCit/SC and SC/MD
could not be considered independently. There was a significant positive correlation between
the addition of Na citrate and Ty, which was clearly evidenced when bioglass samples were
formulated with higher concentration of sucrose than maltodextrin, i.e., SC/MD of 7:3.
Without Na citrate, the Tq was approximately 87 °C. The Ty increased approximately 5 and
12 °C when NaCit/SC values were 0.1 and 0.2, respectively. For the samples containing
equal amount of sucrose and maltodextrin, i.e., SC/MD of 5:5 a significant increase in Ty was
observed only when NaCit/SC was 0.2. However, the effect of Na citrate was different in the
samples that contained more maltodextrin than sucrose, i.e., SC/MD of 3:7; the Ty decreased
when Na citrate was added. Interestingly, when NaCit/SC increased from 0.1 to 0.2, the Ty
increased from approximately 119 to 123 °C; but it was still lower than that of the system
without Na citrate, approximately 137 °C (Table 2.10).

The effect of Na citrate on the Ty value of bioglass samples with low-level residual
moisture content depended on SC/MD. The positive dependence of Tq on Na citrate was less
pronounced as maltodextrin concentration increased, and the correlation even reversed when
maltodextrin concentration was at the highest level. The result suggests that Na citrate might
primarily interact with sucrose rather than maltodextrin. Accordingly, in the system
dominated by maltodextrin when small amount of Na citrate (NaCit/SC=0.1) was added
some Na citrate molecules or their ions might interact with sucrose while some might simply
plasticize the system and result in reducing the Tq. When Na citrate concentration was

increased (NaCit/SC=0.2), the increased interaction between Na citrate and sucrose which
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firmed up the large, less-mobile clusters resulting in less plasticization, and hence the T was
lowered to a smaller extent. There has been reported that the Ty value of sucrose-Na citrate
mixture with low residual moisture content dramatically increased with the addition of Na
citrate up to NaCit/SC= 2.5 by mass, or 2.9 by mole (Kets et al., 2004), which was much
higher than what was used in this study. The interaction between salt and hydroxyl group of
sugar could be in the form of ion-dipole interactions (You and Ludescher, 2008b). This
scenario may be similar to what generally found in amorphous polymer systems where side
groups could raise the Tg if they are polar or large, and bulky (Young and Lovell, 1991).

The greater tendency for Na citrate to interact with sucrose is likely due to the
difference in size and structure between sucrose and maltodextrin molecules. Oldenhof et al.
reported that sucrose provided better protection for protein during drying by preventing
dehydration-induced conformational changes as it interacted with protein more effectively
than did the maltodextrin (Oldenhof et al., 2005). Koster et al. reported that only a small
molecule maltodextrin could stabilize dry membranes (Koster et al., 2003). So in general, the
effectiveness of carbohydrate to stabilize protein during drying decreases with increasing size
(Wolkers et al., 1998).

The effect of salts on Ty value of a system is also dependent on type of salt (Izutsu et
al., 2005). It was found from the study on amorphous indomethacin salts that Ty value
decreases with the increasing ionic radius of alkaline cation. The decrease in charge density
of cation, as the ionic radius increases, may lower electrostatic interaction between the ions
causing Ty depression (Tong et al., 2002). From our preliminary experiment (data no shown),
the introduction of NaCl into sucrose-maltodextrin mixture caused Ty depression. Farahnaky

et al. also reported the Ty depression in amorphous potato and cassava starches upon adding
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NaCl up to 6% db. Salts lead to a higher hygroscopicity in starch system, and so the decrease
of Ty is due to the plasticization effects of both NaCl itself and the absorbed water, in which
the latter showed the greater effect. At constant moisture content, the reduction of Ty due to
NaCl at low moisture levels was more evident than that at high moisture level. However, the
mechanism of Ty depression by NaCl is still ambiguous. Possibly, NaCl may not dissociate to
ions, but simply acts as a plasticizer like other small molecules, or the dissociated atom of
NaCl may reduce hydrogen in starch molecule by occupying a number of available sites
(Farahnaky et al., 2009).

In this study, Ty of bioglass samples with high moisture level (2.8 to 4.4 %wb)
generally increase with the increasing concentration of Na citrate. However, the most
dramatic effect of Na citrate was found in the samples with high sucrose content at low
moisture level. The result suggests that sucrose and Na citrate ions could efficiently interact
only at very low moisture environment. Kets et al. reported a sucrose-citrate mixture with a
very high Ty of approximately 105 °C when residual moisture was removed. This enhanced
Ty value even exceeds both individual Tg for pure sucrose and citrate. The observation led to
a hypothetical explanation that removal of water allows sucrose and citrate to restructure
through hydrogen bonding more efficiently (Kets et al., 2004). In other words, water may
interfere with hydrogen bonding between sucrose and citrate. Water which usually prevails in
food systems is known for its plasticization effect and the effect on molecular mobility of the
systems; though the mechanisms are poorly understood (Liu et al., 2006). Another group of
researchers (Kilburn et al., 2004) have proposed two complex mechanisms which involve in
the plasticization effect of water on carbohydrate systems. The mechanisms include the

formation and disruption of intermolecular hydrogen bonds among carbohydrates, and the
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changes of free volume in the matrix. In the absence of water, hydrogen bonding among
carbohydrate molecules gives rise to the formation of less-mobile large clusters. Once
absorbed into glassy carbohydrate matrix, water may either fill up the small voids or disrupt
the intermolecular hydrogen bonding which results in a higher degree of freedom for
carbohydrate molecules (Liu et al., 2006).

On the whole, it was clearly that the Ty values of bioglass samples primarily
depended on SC/MD; the more the concentration of maltodextrin, the higher the Ty value.
The dependence of Ty on molecular weight and structure of glass-forming molecules in an
amorphous system has been well documented (Orford et al., 1990). The Ty value of a multi-
component amorphous system could be estimated using either the Gordon-Taylor (GT)
equation (Fox and Flory, 1950; Gordon and Taylor, 1952) or the Couchman-Karasz (CK)
equation (Couchman and Karasz, 1978), mentioned in Chapter 1. The GT equation was
developed based the free-volume theory with the assumption of ideal mixing, assuming the
components are miscible and the free volumes are additive (Shamblin et al., 1998). The CK
equation was derived from thermodynamic theory with the assumption that the entropy of
mixing is purely combinatorial (Liu et al., 2006). In this experiment, however, the lack of
precise molecular weight for maltodextrin did not allow the estimation of Ty value to

compare with experimental data.
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Figure 2.4 Representative MDSC thermograms obtained during the glass transition of a
bioglass sample (SC/MD = 5:5, NaCit/SC = 0.1, low-level moisture content). The
endothermic peak as a result of enthalpy relaxation can be seen in non-reversing heat flow
signal. Locations of Ty including the onset-, mid-, and the offset-values determined from the

reversing heat flow signal are illustrated.
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Table 2.5 Tq values for the samples equilibrated in the atmosphere over P,Os powder (~1%

RH)
Residual _
) Ty (°O) Width of
SC/ NaCit/ moisture
glass
MD SC content tion (°C)
: transition (°
(%wb) Onset Mid Offset
7:3 0.0 0.28+0.01 79.3+0.3 86.6+0.3 93.5+0.4 14.24+0.7
7:3 0.1 0.31+0.06 82.6+0.4 91.4+0.3 97.94+0.8 15.3+0.5
7:3 0.2 0.3340.01 87.84+0.7 98.44+1.0 104.8+0.8 17.0+0.1
5:5 0 0.34+0.03 89.1+1.6 99.2+1.8 110.5#1.1 21.3+0.6
5:5 0.1 0.27+0.03 87.6+0.1 95.2+0.3 104.0+0.1 16.4+0.2
5:5 0.2 0.31+0.01 95.9+0.8 108.1+£0.3 115.8+0.3 19.9+0.5
3.7 0.0 0.3410.11 123.4+1.2 136.9+0.8 146.4+0.4 22.9+0.8
3.7 0.1 0.3510.01 106.84£9.9 119.0+£3.3 133.8+1.6 27.0+£8.2
3.7 0.2 0.3240.01 112.340.1 123.340.1 134.44+0.1 22.2+0.0
Remarks

The figures represent mean value * standard deviation

SC: Sucrose

MD: Maltodextrin

GT: Glass transition
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Table 2.6 Ty values for the samples equilibrated in the atmosphere over saturated LiCl

solution (~11% RH)

Residual _
T, (°C) Width of
SC/ NacCit/ moisture
glass

MD SC content .

(%wb) Onset Mid Offset transition °C)
7:3 0.0 2.83+0.11 53.240.1 58.7+£0.2 62.5+0.1 9.3+0.2
7:3 0.1 3.07+0.02 55.9+0.1 61.44+0.2 64.6+£0.2 8.7+0.1
7:3 0.2 3.40+0.01 57.7+£0.2 63.2+0.2 67.2+0.4 9.5+0.2
5:5 0.0 3.29+0.02 55.8+0.3 61.44+0.2 65.240.1 9.54+0.2
5:5 0.1 3.86+0.16 58.0+0.1 63.7+0.0 67.9+0.3 9.940.2
5:5 0.2 3.76+0.04 59.440.1 65.5+0.1 69.8+0.2 10.4+0.1
3.7 0.0 4.04+0.03 64.4+6.6 72.345.3 77.0+£7.0 12.6+0.4
3.7 0.1 4.15+0.17 70.4+1.9 77.0£1.9 82.3+2.3 11.9+0.4
3.7 0.2 4.40+0.00 69.2+1.3 77.2+0.4 81.842.4 12.6+1.1

Remarks:

The figure represents mean value * standard deviation

SC: Sucrose

MD: Maltodextrin

GT: Glass transition
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Type III Sum of

Source df  Mean Square F Sig.
Squares
RH Level 14213.011 1 14213.011  5297.646  .000
NaCit/SC 141326 2 70.663 26.338  .000
SC/MD 3904.457 2 1952.229 727.658  .000
RH_Level * NaCit/SC 129.819 2 64.909 24.194  .000
RH_Level * SC/MD 617.645 2 308.822 115.108  .000
NaCit/SC * SC/MD 212527 4 53.132 19.804  .000
RH_Level * NaCit/SC * SC/MD 252.682 4 63.170 23.546  .000
NaCit/SC * SC/MD @ RH_Level
NaCit/SC * SC/MD @ RH_Level=Low 461.449 115362  42.997 .000
NaCit/SC * SC/MD @ RH_Level=High 3.761 .940 350 .840
NaCit/SC @ SC/MD (RH_Level=Low)
NaCit/SC @ SC/MD=7:3 (RH_Level=Low) 141.747 70.874  26.416 .000
NaCit/SC @ SC/MD=5:5 (RH_Level=Low) 176.242 88.121  32.844 .000
NaCit/SC @ SC/MD=3:7 (RH_Level=Low) 350.705 175353  65.357 .000
Error 48.292 18 2.683
Corrected Total 19519.759 35

Table 2.8 Effect of NaCit/SC on Tq value for the samples equilibrated in the atmosphere over

saturated LiCl solution (RH_Level = High)

Ty: Subset™

NaCit/SC N
1 2
0 6 64.2
0.1 6 67.4
0.2 6 68.6

Means for groups in homogeneous subsets are displayed. Based on observed means.

The error term is Mean Square (Error) = 2.683.

a) Tukey HSD. b) Uses Harmonic Mean Sample Size = 6. c) Alpha =0.05.
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Table 2.9 Effect of SC/MD on Ty value for the samples equilibrated in the atmosphere over

saturated LiCl solution (RH_Level = High)

Ty Subset™

SC/MD N
1 2 3
7:3 6 61.1
5:5 6 63.5
3:7 6 75.5

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 2.683.
a) Tukey HSD. b) Uses Harmonic Mean Sample Size = 6. c¢) Alpha =0.05.

Table 2.10 Effect of NaCit/SC at each level of SC/MD on Ty value for the samples

equilibrated in the atmosphere over P,Os (RH_Level = Low)

Ty: Subset™

SC/MD  NaCit/SC N
1 2 3
0 2 86.6
7:3 0.1 2 91.4
0.2 2 98.4
0.1 2 95.2
5:5 0 2 99.2
0.2 2 108.1
0.1 2 119.0
3:7 0.2 2 123.3
0 2 136.9

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 2.683.
a) Tukey HSD. b) Uses Harmonic Mean Sample Size =2. c¢) Alpha = 0.05.
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2.4.3 Width of the glass transition

Glass transition is a kinetic process, depending on cooling rate, and takes place over a
range of temperature. Fast cooling rate allows the transition to occur at a higher temperature
range than does the slow cooling rate (Roudaut et al., 2004). Food products commonly
contain a number of ingredients rendering them the chemically heterogeneous nature. It is
this heterogeneity that dictates the width of glass transition zone. The wider transition zone
indicates the greater extent of heterogeneity (Ferry, 1980).

In this study, the width of glass transition zone was defined as the temperature range
from the onset-Tg to the offset-Tq previously given in Tables 2.5 and 2.6. The ranges of glass
transition width for the systems with low and high levels of residual moisture content were 14 to 22
°C, and 9 to 13 °C, respectively. These ranges are comparable to the glass transition width of food

saccharides reported in literature which is generally around 5 to 20 °C (Liu et al., 2006; Liu et al.,
2007).

The level of moisture content and sucrose/maltodextrin ratio significantly affected the
width of glass transition zone (p < 0.001 for both). These factors also exhibited a significant
interaction effect (p < 0.05) on the glass transition width. No significant effect of Na citrate
was detected (Table 2.11). The plots of glass transition width constructed according to the
significant factors were given in Figure 2.5. Note that, in this case, each data point represents
an average of 216 measurements, 2 replicates x 3 levels of NaCit/SC x 36 measurements at
each NaCit/SC. The difference in glass transition width could be readily observed from the
plots. The width was noticeably greater when the residual moisture content of sample was at

low level. Also, the glass transition zone tended to broaden with the increasing concentration
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of maltodextrin; a slightly steeper change was found in the set of samples with low level of
residual moisture content.

The follow-up analysis showed that glass transition widths of samples with different
SC/MD were noticeably different when the residual moisture content was at low level. The
width significantly increased from 15.5 °C to 19.2 °C, and to 24.1 °C when SC/MD levels
were 7:3, 5:5 and 3:7, respectively. At high level of residual moisture content, the width of
glass transition zone of samples with SC/MD of 7:3 (9.2 °C) did not significantly differ from
the width obtained from the sample with SC/MD of 5:5 (9.9 °C), but differed from the width
obtained from the sample with SC/MD of 3:7 (12.4 °C). However, the widths of glass
transition zone for samples with SC/MD of 5:5 and 3:7 were not significant different (Table
2.12). At every SC/MD level, the width of glass-transition zone obtained from the samples
having different levels of residual moisture content significantly differed. As the residual
moisture content increased from low to high level, the width of glass transition zone
decreased by approximately 50%, regardless of SC/MD level (Table 2.13).

In this case, the shrinkage of transition zone should not be interpreted as the decrease
of heterogeneity due to the increasing moisture content since there was no substantial
chemical alteration of the glass matrix. Instead, the result suggests that water did accelerate
the glass transition process. The decrease of glass transition width with the presence of water
was also found in amorphous amylopectin (Borde et al., 2002). There were other interesting
cases where multi-component matrices showed a narrow glass-transition zone since some
component(s) could accelerate the vitrification process (Kasapis et al., 1999). This effect of
water on glass transition width of carbohydrate systems is, however, opposite to that of the

plasticizer commonly added to synthetic polymers (Bair, 1997).
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As could be gleaned from the overall analysis, the heterogeneity of sucrose-
maltodextrin-salt bioglass was mainly influenced by maltodextrin. This is readily
understandable since maltodextrin encompasses glucose polymers with variety of chain
lengths and molecular weights. The onset of translational motions or glass transition of these
glucose polymers would occur at slight different temperatures rendering a broad glass
transition zone. A similar result was reported in the study of amorphous mixtures containing
sucrose where sucrose mixtures exhibited a broader glass transition zone than did the sucrose
alone. Accordingly, it was suggested that the mid-Ty represents an “average” value of Ty
(Shamblin and Zografi, 1998).

Even though the effect of Na citrate on the heterogeneity of a bioglass was not
detectable from DSC measurements, previous study by You and coworkers using a triplet
erythrosine B probe revealed the effect of NaCl salt on dynamic site heterogeneity in sucrose
glass with low residual moisture content, within approximately 2 % (You and Ludescher,
2008b). Erythrosine B phosphorescence is among the luminescence spectroscopic techniques
that could provide direct information about molecular structure and mobility (Ludescher et
al., 2001). Due to a number of advantages, e.g., high phosphorescence quantum yield, long
life time, site selectivity, and high sensitivity (You and Ludescher, 2008b), erythrosine B
phosphorescence has been extensively used to study the molecular motion in amorphous
sucrose (Shahs and Ludescher, 1995; Ludescher et al., 2001; Pravinata et al., 2005).
Accordingly, there is a possibility that the effect of salt on the heterogeneity of sucrose-
maltodextrin glass did exist but the sensitivity of DSC measurement was insufficient to

detect.
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From the previous studies using a number of spectroscopic techniques, supercooled
liquids and amorphous polymers were found to be dynamically heterogeneous through space
and time (Ediger, 2000; Richert, 2002). The erythrosine B phosphorescence has provided
evidence supporting the existence of spectral heterogeneity in amorphous sugars and alcohols
(Pravinata et al., 2005; Shirke and Ludescher, 2005; Shirke et al., 2006), and proteins
(Lukasik and Ludescher, 2006; Nack and Ludescher, 2006; Sundaresan and Ludescher,
2008). This information suggests the dynamic site heterogeneity as a characteristic feature of

amorphous biomaterials (You and Ludescher, 2008b).
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Figure 2.5 The widths of glass-transition (GT) zone of bioglass samples at two levels of

moisture content. Data are means of two replicates, and error bars reflect standard deviation.



Table 2.11 Summary of the follow-up ANOVA table for the analysis of the width of glass

transition zone
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Type III Sum Mean )

Source F Sig.
of Squares Square

RH_Level 747.384 1 747.384  187.714 .000
NaCit/SC 993 2 497 125 .883
SC/MD 210283 2 105.142 26.408 .000
RH_Level * NaCit/SC 465 2 233 .058 .943
RH_Level * SC/MD 42.520 2 21.260 5.340 .015
NaCit/SC * SC/MD 25993 4 6.498 1.632 210
RH_Level * NaCit/SC * SC/MD 35299 4 8.825 2.216 .108
SC/MD @ RH_Level
SC/MD @ RH_Level=Low 218959 2 109.480 27.497 .000
SC/MD @ RH_Level=High 33.844 2 16.922 4.250 .031
RH_Level@SC/MD
RH_Level @ SC/MD=7:3 121.031 1 121.031 30.398 .000
RH_Level @ SC/MD=5:5 260.774 1 260.774 65.496 .000
RH_Level @ SC/MD=3:7 408.100 1 408.100  102.499 .000
Error 71.667 18 3.982
Corrected Total 1134.605 35
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Table 2.12 Effect of SC/MD at each level of residual moisture content (RH Level) on the

width of glass transition zone

Width of glass transition: Subset™™

RH_ Level SC/MD N

- 1 2 3
7:3 6 15.5

Low 5:5 6 19.2
3:7 6 24.1
7:3 6 9.2

High 5:5 6 9.9 9.9
3:7 6 12.4

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 3.982.
a) Tukey HSD. b) Uses Harmonic Mean Sample Size = 6. c) Alpha =0.05.

Table 2.13 Effect of residual moisture content (RH_Level) at each level of SC/MD on the

width of glass transition zone

Width of glass transition: Subset

SC/MD RH Level N . 5
73 L'OW 6 15.5
High 6 9.2
L .
5.5 (,)W 6 19.2
High 6 9.9
3.7 L9w 6 24.1
High 6 12.4

Based on estimated marginal means.

The mean difference is significant at the .05 level.

Adjustment for multiple comparisons (for two means): Least significant difference (equivalent to no
adjustments).
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2.4.4 Change of heat capacity at the glass transition

Glass transition accompanies abrupt changes in several physical properties. As the
temperature of a glassy material is raised through the glass transition region, its entropy, heat
capacity (Cp), and diffusivity increase, while density, viscosity, and rigidity decrease
(Champion et al., 2000). Of these, the change in heat capacity at glass transition (ACpg7) can
be readily observed from a DSC thermogram (Figure 2.6).

An early study had suggested that ACy gt relates to the degree of organization in the
glass matrix (Gibbs and DiMarzio, 1958). Accordingly, a glass at the physical state closer to
being crystalline would exhibit greater AC, gt and, hence the magnitude of AC, gt should
decrease with increasing molecular weight. In other words, the quality of hydrogen bonds
among glass-forming molecules is manifested in terms of the heat capacity (Avaltroni et al.,
2004). The extent of ACy g also reflects the magnitude of changes in molecular mobility of
amorphous matrix (Borde et al., 2002).

Since glass transition is a kinetic process, the glass-forming condition could strongly
affect the ACp1; a large standard deviation of the observed AC, gt values may be expected
(Orford et al., 1989). Several studies on sugar glasses using FTIR spectroscopy have found
that the magnitude of ACp gt 1s associated with the strength of hydrogen bonding network in
the glass matrix. Sugar glass with higher Ty has a weaker hydrogen bonding network in its
structure (Wolkers et al., 2004b), and a smaller ACp g1 (Orford et al., 1990; Wolkers et al.,

2004b) than the glass with lower Ty.
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The plots of ACp et at glass transition as a function of SC/MD for the systems with
low and high levels of residual moisture content are shown in Figures 2.7 and 2.8,
respectively. The AC,cr values tended to decrease with the increasing concentration of
maltodextrin, and so the increasing Tg, regardless of residual moisture content level, similar
to the observation reported in prior studies (Orford et al., 1990; Wolkers et al., 2004b). The
analysis of variance showed that all of three factors; level of residual moisture content,
NaCit/SC, and SC/MD, significantly affected AC,cr (p < 0.001). Although the 3-way
interaction effect was not significant (p = 0.091), all the 2-way interaction effects were
significant (p < 0.05), which made the interpretation of the results rather complicated (Table
2.14). By considering the result from the ANOVA along with visual examination on the
profile plots given in Appendix 2.4, the residual moisture content and SC/MD have likely
had the most dramatic effect on ACp .

A follow-up analysis (Table A2.14), and comparison tests (Tables 2.15 to 2.20) were
conducted to elucidate these effects in detail. In general, the AC, gt value increased with Na
citrate concentration. The mean values of AC, gt for bioglass systems with NaCit/SC of 0,
0.1, and 0.2 were approximately 0.55, 0.61 and 0.68 J/g°C, respectively. The effect of Na
citrate on ACp et was significant only when the residual moisture content was at high level,
where AC, increased at every increasing level of Na citrate concentration (Table 2.15). The
ACp et was positively dependent on the concentration of Na citrate, but only when SC/MD
levels were 7:3 or 5:5. Such dependence was absent in the bioglass system dominated by
maltodextrin molecules, i.e., when SC/MD=3:7 (Table 2.16). This result suggests the

tendency of interaction between Na citrate and sucrose, rather than maltodextrin, which then
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led to stronger hydrogen bonding network—reflected in the ACpgr values—in a bioglass
system having high concentration of sucrose as compared to maltodextrin.

In most samples, the increasing residual moisture content significantly increased the
ACpcr. The ACper for systems at low and high levels of moisture content were
approximately 0.30 and 0.93 J/g°C, respectively (Tables 2.15 and 2.17). Similarly, the
increase of ACp gt with moisture content in amorphous amylopectin has also been reported
(Borde et al., 2002). At every level of NaCit/SC, ACp gt value of the systems with higher
moisture content was significantly greater than that of the systems with lower moisture
content (Table 2.18). When considering across the range of SC/MD level, the dependence of
ACp 1 on residual moisture content was found only in systems with SC/MD of 7:3 and 5:5,
or with sucrose concentration equal to or higher than that of maltodextrin (Table 2.19).

In literature, the AC, gt values for sucrose in the range of approximately 0.57 to 0.65
J/g°C (Shamblin and Zografi, 1998; Kawai et al., 2005; Mao et al., 2006; Liu et al., 2007),
and for maltodextrin (DE19 to DE20) of approximately 0.44 to 0.45 J/g°C (Roos and Karel,
1991; Avaltroni et al., 2004) have been reported. However, the value of ACy gt for pure water
is still a matter of debate. That said, a considerably wide range of reported values has been
found, as summarized in another literature (Borde et al., 2002): 0.092 J/g°C for liquid
quenched water, 1.94 J/g°C for vapor deposited water. In a mixture, the ACp gt value of water
was found in a range of 0.3 — 1.83 J/g°C. It appears that the value of AC, g7 for water is not
much different from that for the glass-forming molecules in sucrose-maltodextrin system.

In this study, by considering the average moisture contents of the system at low and

high levels which were respectively around 0.31 and 3.64—only ~3.3% increment, and the
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large increase in ACp gt of the whole system mentioned above, the simple additivity laws
may not be legitimate. Also from the evidence that water did modulate the shape of DSC
thermogram, specifically narrowed down the glass transition, the introduction of water to
sucrose-maltodextrin system would be of a non-ideal type mixing suggesting the existence of
molecular interaction between water and carbohydrate molecules. A similar result was also
reported in literature (Borde et al., 2002). The non-ideal mixing was evidenced by the failure
of the GT equation to predict the Ty of mixtures (Christensen et al., 2002).

Since the moisture content of samples in this study was rather low and there were
numerous hydroxyl groups on carbohydrate molecules, it was likely that water was bound to
carbohydrates through hydrogen bonding. Such interference by water molecules would then
increase the molecular mobility of the matrix and eventually affect the thermal properties.

The mean value of AC gt for the samples with SC/MD of 7:3, 5:5, and 3:7 were 0.92,
0.70 and 0.24 J/g°C, respectively (Tables 2.16 and 2.19), suggesting a positive dependence of
ACp T on sucrose concentration. That is, AC, gt decreased with the increasing concentration
of maltodextrin—the average molecular weight of glass-forming molecules was increased.
The result obtained here is in good agreement with that reported in the literature (Avaltroni et
al., 2004). At every level of decreasing in sucrose concentration, the ACp gt value decreased
significantly, regardless of NaCit/SC level (Table 2.20). The decrease of ACper with
decreasing sucrose concentration was also observed at both low and high levels of residual

moisture content (Table 2.17).



111

En

Heat Flow

Temperature

Figure 2.6 Graphical diagram representing the determination of ACpgr from a DSC

thermogram.
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Figure 2.7 Effect of SC/MD on the change of AC,cr. Samples were equilibrated in the

atmosphere over P,Os (~1% RH). Data are means of two replicates, and the error bars reflect

standard deviation.
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Figure 2.8 Effect of SC/MD on the change of AC,cr. Samples were equilibrated in the
atmosphere over saturated LiCl solution (~11% RH). Data are means of two replicates, and

the error bars reflect standard deviation.



Table 2.14 Summary of the follow-up ANOVA table for the analysis of AC, gt
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T @ e r e
RH_Level 3498 1 3.498 1973.312 .000
NaCit/SC 098 2 .049 27.656 .000
SC/MD 2910 2 1.455  820.802 .000
RH Level * NaCit/SC 082 2 .041 23.256 .000
RH_Level * SC/MD 1.822 2 911  514.088 .000
Citrate_SC * SC/MD 028 4 .007 3.916 019
RH_Level * NaCit/SC * SC/MD 017 4 .004 2.370 .091
NaCit/SC @ RH_Level

NaCit/SC @ RH_Level=Low 001 2 .000 253 779
NaCit/SC @ RH_Level=High 180 2 .090 50.660 .000
RH_Level @ NaCit/SC

RH Level @ NaCit/SC=0 756 1 756 426.719 .000
RH Level @ NaCit/SC=0.1 1.198 1 1.198  676.068 .000
RH Level @ NaCit/SC=0.2 1.625 1 1.625  917.038 .000
SC/MD @ RH_Level

SC/MD @ RH_Level=Low 064 2 .032 18.053 .000
SC/MD @ RH_Level=High 4.668 2 2334 1316.838 .000
RH_Level @ SC/MD

RH_Level @ SC/MD=7:3 3595 1 3.595 2028.259 .000
RH_Level @ SC/MD=5:5 1.724 1 1.724  972.716 .000
RH_Level @ SC/MD= 3:7 001 1 .001 513 483
SC/MD @ NaCit/SC

SC/MD @ NaCit/SC =0 951 2 475 268.202 .000
SC/MD @ NaCit/SC =0.1 859 2 430 242436 .000
SC/MD @ NaCit/SC=0.2 1.127 2 564 317.996 .000
NaCit/SC @ SC/MD

NaCit/SC @ SC/MD= 7:3 030 2 015 8.352 .003
NaCit/SC @ SC/MD= 5:5 086 2 .043 24.155 .000
NaCit/SC @ SC/MD= 3:7 011 2 .005 2.980 076
Error 032 18 .002

Corrected Total 8.487 35
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Table 2.15 Effect of NaCit/SC at each level of residual moisture content (RH Level) on

ACp et
abc
RH Level  NaCit/SC N ACpor: Subset
o 1 2 3
0 6 0.30
Low 0.1 6 0.30
0.2 6 0.31
0 6 0.81
High 0.1 6 0.93
0.2 6 1.05
Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 0.002.
a) Tukey HSD. b) Uses Harmonic Mean Sample Size = 6. c) Alpha =0.05.
Table 2.16 Effect of NaCit/SC at each level of SC/MD on ACp g1
abc
SCMD  NaCit/SC N ACpor: Subset
1 2 3
0 4 0.88
7:3 0.1 4 0.89
0.2 4 0.99
0 4 0.58
5:5 0.1 4 0.70
0.2 4 0.79
0 4 0.20
3:7 0.1 4 0.25
0.2 4 0.26

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 0.002.
a) Tukey HSD. b) Uses Harmonic Mean Sample Size =4. c¢) Alpha=0.05.
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Table 2.17 Effect of SC/MD at each level of residual moisture content (RH_Level) on ACp et

ACpcr: Subset®™™

RH Level SC MD N

- - 1 2 3
7:3 6 0.37

Low 5:5 6 0.31
3.7 6 0.23
7:3 6 1.47

High 5:5 6 1.07
3.7 6 0.25

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 0.002.
a) Tukey HSD. b) Uses Harmonic Mean Sample Size = 6. c) Alpha =0.05.

Table 2.18 Effect of residual moisture content (RH Level) at each level of NaCit/SC on

ACp'GT
ACp c1: Subset
NaCit/SC RH_Level N 1 poT: SUP .

. Low 6 0.30

High 6 0.81
o Low 6 0.30
' High 6 0.93
0 Low 6 0.31

High 6 1.05

Based on estimated marginal means.

The mean difference is significant at the .05 level.

Adjustment for multiple comparisons (for two means): Least significant difference (equivalent to no
adjustments).
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Table 2.19 Effect of residual moisture content (RH_Level) at each level of SC/MD on ACp g1

ACpc1: Subset

SC/MD RH Level N " 5
7.3 Lf)w 6 0.37
High 6 1.47
5.5 L9w 6 0.31
High 6 1.07
3.7 Lf)w 6 0.23
High 6 0.25

Based on estimated marginal means. The mean difference is significant at the .05 level.
Adjustment for multiple comparisons (for two means): Least significant difference (equivalent to no
adjustments).

Table 2.20 Effect of SC/MD at each level of NaCit/SC on ACp g1

ACpcr: Subset™™
1 2 3

NaCit/SC SC/MD

z

7:3
0 5:5
3.7

0.88
0.58
0.20

7:3
0.1 5:5
3.7

0.89
0.70
0.25

7:3
0.2 5:5
3.7

0.99
0.79

R e R R T T R S

0.26

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 0.002.
a) Tukey HSD. b) Uses Harmonic Mean Sample Size =4. c) Alpha =0.05.
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2.4.5 Enthalpy relaxation process

A schematic illustration of changes in enthalpy and specific heat capacity over the
entire thermal history is shown in Figure 2.9. Line AB is the liquid or melt line. Line BC is
the rubbery or supercooled melt. Line BN represents the isothermal crystallization process at
Tm. Line LN is a crystal line. Path ABCDEF represents the cooling process after melting
from To to T;1. Path FEDGCBA represents the reheating process of unaged glass. Path EI
represents the isothermal aging process at T,. Path HIJKBA represents the reheating process
after aging through which the endothermic peak is observed. Tx and Tt are the critical
Kauzmann temperature and the theoretical fictive temperature, respectively.

Sucrose-maltodextrin bioglass samples were isothermally aged at different
temperatures (T,), for aging times (ta) of 8, 20, 47 and 71 h. Structural relaxation of glass
during aging resulted in the loss of enthalpy of which the magnitude depending on the degree
of undercooling (Tq — Ta) and ta. Upon reheating, the aged glass rapidly regained the lost
enthalpy (AH) manifested as the endothermic peak at the end of glass transition process.

Typical DSC thermograms obtained from a sucrose-maltodextrin bioglass sample
aged at 70 °C for four t, ranging from 8 to 71 h are given in Figure 2.10, and those obtained
from a bioglass sample aged for 8 h at three different levels of aging temperature (T,) are
given in Figure 2.11. The dependence of the magnitude of endothermic peak can be readily
observed from the figures.

In this study, however, the aging experiment could not be conducted with the same
degrees of undercooling (Tq — Ta) for all samples due to the limitation of available laboratory

equipment. As the Ty of bioglass samples primarily depended on SC/MD, a set of three aging
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temperatures was selected for each level of SC/MD (Table 2.3) so that the aging
temperatures mostly overlapped while the degree of undercooling was within a range of
approximately Tq — 40 °C, for most samples. In general, for the expected life time of some
products, e.g., pharmaceuticals, studies have found that the molecular mobility from 50 °C
below Ty becomes negligible regarding to the stability against crystallization (Hancock et al.,
1995; Hancock and Zografi, 1997; Van Den Mooter et al., 1999).

Regardless of the degree of undercooling, at approximately the same aging
temperature, it was found that the absolute value of enthalpy relaxation decreased with the
increasing concentration of maltodextrin (data not shown). This indicates the suppression of
enthalpy relaxation upon the addition of larger glass-forming molecules into the system,
which would primarily be due to the increasing Tyg. However, a direct comparison among the
absolute values of enthalpy relaxation would not be much meaningful since each individual
sample was aged at different degree of undercooling. Instead, the characteristic or relaxation

time of the enthalpy relaxation process and its kinetics would be more interesting.
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Figure 2.9 Schematic diagram of the change in enthalpy (H) and specific heat capacity (Cp)
of a glass subjected to isothermal aging. Adapted from literature (Wungtanagorn and

Schmidt, 2001; Liu et al., 2006).
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Figure 2.10 DSC thermograms representing the progress of enthalpy recovery obtained from

a bioglass sample (SC/MD = 5:5, NaCit/SC = 0.1) after aging for 8 to 71 h at 70 °C. The

thermograms were shifted vertically for illustration.
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Figure 2.11 DSC thermograms representing the progress of enthalpy recovery obtained from
a bioglass sample (SC/MD = 5:5, NaCit/SC = 0.1) after aging for 8 h at three levels of T,.

The thermograms were shifted vertically for illustration.
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2.4.5.1 Characteristics of the enthalpy relaxation

For most amorphous systems, particularly those with multiple components, it is
believed that their microstructural heterogeneities give rise to non-exponentiality behavior.
The structural or enthalpy relaxation process of these systems cannot be satisfactorily
described using a simple relaxation function (Liu et al., 2006). In this study, the enthalpy
relaxation of bioglass samples was described with the stretch exponential function,
commonly known as the Kohlrausch-Williams-Watts (KWW) decay function (Angell, 1995;
Hodge, 1995), which yields Equation 1.18 (Chapter 1) for enthalpy relaxation study
(Shamblin and Zografi, 1998; Hancock and Shamblin, 2001; Kawai et al., 2005; Haque et al.,

2006):

H s
AATmzl_exp[_(ﬁj } (118)

o0

where AH(t) is the magnitude of enthalpy relaxation as a function of time t, and AH., is the
total possible loss of enthalpy assuming the final enthalpy is at the equilibrium line—the
extrapolated liquid line—at the aging temperature T (see also Figure 2.9). 7"V is the
characteristic time of mobility which provides an idea about the kinetics of enthalpy
relaxation process; the higher value of 7"V reflects a slower process. It should be noted that
the 7"V obtained with this equation is an “average” value of relaxation times. The constant

S, (0 < B <1), represents the width of relaxation time distribution. The smaller value of S

indicates the larger distribution of molecular motion. That said, the value of /=1 corresponds
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to single relaxation time. Both of the 7"V and the constant £ are of equally important and
necessary for describing non-exponential relaxation data using the KWW approach
(Shamblin et al., 2000). The KWW decay function has been used in a number of studies on
the enthalpy relaxation of food and pharmaceutical materials, e.g., amorphous sugar (Craig et
al., 2000; Kawai et al., 2005; Haque et al., 2006), amorphous mixtures with sugar (Shamblin
and Zografi, 1998), glassy starch (Jin Kim et al., 2003), and amorphous pharmaceuticals
(Hancock and Shamblin, 2001).

In this study, the magnitude of AH(t) was determined from the area of endothermic
peak using the Thermal Analysis software (TA Instruments Inc., New Castle, DE) as
described in section 2.3.5.3. However, the true equilibrium state of glass is never reachable in

the experimental time scale, and so AH., is practically estimated using the following equation

(Liu et al., 2007):

_Cpg )X (Tg _Ta):ACp,GT X(Tg _Ta) (2.1)

Where, ACpe7 1s the difference between the specific heat of equilibrium liquid (Cp) and that
of glass (Cpg) determined at the glass transition, assumed to be constant over the temperature
range of T, to Ty (see also Figure 2.9).

The plots of relative enthalpy relaxation [AH(t)/AH.] for bioglass samples as a
function of aging time are given in Appendix 2.5 (Figures A2.5.1 — A2.5.9). The nonlinearity
of the enthalpy relaxation and the dependence of relative relaxation rate on T, can be

observed from the figures. The rate of relative relaxation increased with the increasing T,
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indicating the change of molecular mobility with temperature. The rate was rapid at the
beginning of the aging process and this was clearly observed when samples were aged at the
highest T, — the closest temperature to their Tgy. In contrast, the relative relaxation rate of
samples aged at the lowest T, was slow and rather constant over the whole range of aging
time. The observation suggests that molecular mobility, which could result in an adverse
effect on physicochemical changes, in the glass matrix was strongly affected by the initial
relaxation time and aging temperature. The larger the distance of aging temperature below
the Ty, the lesser the change in molecular mobility over time. Accordingly, storing glassy
materials or products at temperatures far below their Ty not only slows down the molecular
mobility, but also suppresses the time dynamics of molecular mobility allowing the easier
prediction on the stability of amorphous materials (Mao et al., 2006).

Experimental data for sucrose-maltodextrin-salt bioglass samples were fitted with
Equation 1.18 using the nonlinear regression tool available in the IBM SPSS Statistics 19
package. The initial values for V=100 and = 0.5 have been reported to give the best fit
with experimental data (Hancock et al., 1995; Kawai et al., 2005; Haque et al., 2006). These
values were used in this study, and the results are given in Table 2.21. It should be mentioned
that the size of this experiment and the availability of equipment did not allow the
experiments to be conducted at the same degree of undercooling. Samples with SC/MD of
7:3, 5:5, and 3:7 were aged at a degree of undercooling in the range of approximately 12 to
38 °C, 15 to 38 °C, and 29 to 57 °C, respectively.

Even though the KWW equation has been commonly applied in enthalpy relaxation
study, some researchers (Shamblin and Zografi, 1998; Shamblin et al., 2000) mentioned that

a simple expression like the KWW equation might not be able to satisfactorily describe the
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highly complex relaxation process in multi-component systems. The non-exponential
relaxation behavior of the whole system might be due to single “non-exponential” relaxation
mechanism or due to the superimposition of individual “exponential” relaxation process of
the entities in the amorphous system (Shamblin et al., 2000). Even for single component
system, the relaxation process is still considerably complex. For example, the reported f
values for amorphous sucrose spans a large range: 0.22 — 0.29 (Christensen et al., 2002), 0.33
(Urbani et al., 1997), 0.4 — 0.8 (Hancock et al., 1995), 0.6 — 0.66 (Liu et al., 2007). Statistical
consideration has also been taken into account to elucidate the ability of KWW equation for
describing a non-exponential relaxation process. It was found that the KWW equation could
not accurately describe the process with extremely broad distribution of relaxation times
(Shamblin et al., 2000). In addition, there is generally significant error associated with the
non-linear regression algorithm for estimating 7" and S values from experimental
relaxation data (Shamblin and Zografi, 1998). So, to compare with nonlinear regression
technique, the KWW constants were also estimated using the linearised technique in which

the KWW equation was rewritten in a linearised form of double logarithm of @(t):

In[-Ing(t)] = B-Int— B-Inc*"" (2.2)

The values of 7" and £ can be determined using the graphical linear least-square regression
methods. Liu et al. used this technique and found a comparable result with literature (Liu et
al., 2007). However, with all of uncertainties in mind, one need to exercise caution when

interpreting the result of relaxation data using the KWW approach.
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It was found in this study that the values of S for several cases were slightly higher
than unity (Table 2.21) and so, in such situations, the S values were set to 1, i.e., an
exponential behavior was assumed. This instance was also reported in the literature
indicating the failure of KWW equation to provide an accurate description for relaxation
behavior. It is however not surprising since this is an empirical equation (Williams, 1991;
Mao et al., 2006).

The £ values did not correlate with the composition of bioglass samples. In all cases,
f decreased with increasing T, indicating the broadening of relaxation time distribution as T,
approached the corresponding Tq. However, there was no common trend of f values upon
varying the T,. The temperature dependence of £ reported in the literature has also been
inconsistent. Christensen et al. reported increasing £ with increasing T, for sucrose and dry
emulsions containing 40% hydroxypropyl methylcellulose, 30% fractionated coconut oil and
30% sucrose; but no explanation was given (Christensen et al., 2002). For some amorphous
drugs, e.g., diazepam, temazepam and triazolam, the values of f tend to increase with T,
(Van Den Mooter et al., 1999). In the studies on enthalpy relaxation of amorphous sucrose
and tapioca starch syrup solid (Liu et al., 2007) and glassy starch (Kim et al., 2003), no
common trend of the £ was found. Another group of researchers reported a tendency for £ to
decrease with increasing t; (Kawakami and Pikal, 2005). The only agreement among
previous reports including this study is the variation of £ with T,, but without a consistent
trend. Besides, it was found that f decreases with t, which suggests the increasing non-
exponential behavior as the system continually relaxes (Mao et al., 2006). Therefore, in this

study, the effect of T, on the value of fis not discussed further.
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The value of 7"V varied in a broad range; from less than a hundred up to several
thousand hours depending on T, in other words, the degree of undercooling, and the
composition of a system. In all cases, 7" decreased with increasing T as has been reported
in literature (Kim et al., 2003; Liu et al., 2006; Liu et al., 2007). The result confirms the
temperature dependence of molecular mobility within glass matrix of which the molecular
motions of relaxation elements are of high magnitude at the temperature close to Ty but
become more restricted with increasing distance from Tg.

However, the values of 7"V obtained in this study can not be directly compared due
to several reasons. First, the degree of undercooling was different. Samples with SC/MD of
3:7 were aged at a considerably greater degree of undercooling than the samples with SC/MD
levels of 7:3 and 5:5 which experienced similar degree of undercooling. It is important to
note that for certain type of materials in the region of glass transition, a small variation in
temperature (3 to 5 °C) could result in a substantial change in relaxation rate in the order of
one decade (Ediger et al., 1996). The effect of temperature on the evolution of enthalpy
relaxation is more pronounced than that of water (Descamps et al., 2009). Second, the
relaxation process is very complex, and to describe it with the KWW equation, both the 'V
and the S parameters are of equally important and necessary. That said, glassy materials that
exhibit the same 7" values might follow the totally different paths in their molecular
motions during aging (Mao et al., 2006). Consequently, a meaningful comparison of 7"

can only be made if the values of f are comparable, within a range of 0.1 (Hancock and

Shamblin, 2001).
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Due to the inconsistent reported /S values, the lack of confidence about the precision

of determining £ value, and the difference in the degree of undercooling, a comparison of

"W values would be questionable. Besides, it has been reported in literature that the change

in molecular mobility during relaxation could result in changing relaxation time several
orders of magnitude (Mao et al., 2006). In such case, the concept of using an “average”
relaxation time — the KWW expression — to describe the relaxation process would be
insufficient. In fact, until now, the nonlinear and non-exponential nature of relaxation process
cannot be adequately described with any particular expression (Mao et al., 2006).

In spite of all uncertainties discussed above, the values of In7Z"" obtained with two
different techniques were plotted against degree of undercooling (Figures 2.12 and 2.13) to
provide an idea about the magnitude of enthalpy relaxation rate. In general, the figures
exhibited similar features. At similar degree of undercooling, 7" depended mainly on
SC/MD; the higher concentration of maltodextrin, the greater the value of 7YV, In other
words, molecular mobility was suppressed upon introducing large molecules or polymers to
the system. Another noticeable observation was found from the system with SC/MD of 7:3,
where 7"V rapidly increased with increasing Na citrate concentration suggesting a tendency
of Na citrate to interact with sucrose. The smaller size, the less complex molecular structure
and the higher number of available sites on sucrose molecule, as compared to that for
maltodextrin molecule, might allow increased interaction between sucrose and Na citrate,
which helps to restrict the mobility of glass matrix.

To learn more about the relaxation process of amorphous systems, another

quantitative approach using the term “tyy-0s5” has been introduced (Shamblin and Zografi,
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1998; Liu et al., 2007). Where, tyy-0s is the time required for 50 % completion of the
theoretical possible maximum enthalpy relaxation at a constant temperature below Tg. The
value of t4-05 can be determined graphically or directly calculated using Equation 1.18. The
later method was used in this study by setting the term AH(t)/AH.. = 0.5 and solving for t, the
values of t4t-05, using the corresponding constants of the KWW equation obtained from the
two techniques discussed above. The calculated values of tyu-os based on the KWW are
listed in Table 2.21. It should be noted that by considering the t4t-o.5, a bit more meaningful
comparison of the stability of amorphous systems could me made since the contribution of
the two constants in the KWW expression is manifested in terms of the t - s value.

In all cases, tyt-o.5 increased substantially upon reducing the T,, which indicates that
aging process can be dramatically slowed down at a slightly lower Ta. It could be also seen
that in general tyn-os increased with the increasing maltodextrin concentration at
approximately similar degrees of under cooling. For the system with high sucrose content
(SC/MD of 7:3), t4y-0s tended to increase with increasing concentration of Na citrate.
However, this tendency was not present in other systems. Regarding the concentration of Na
citrate, the trend of changes in tyy-os was similar to that for the rKWW, and this observation is
another evidence that Na citrate tends to interact with sucrose rather than with maltodextrin.
Sucrose molecules and Na citrate might then form less-mobile larger clusters within glass
matrix and lead to lowering the overall mobility of the system.

Though meaningful comparisons of the #WW, B, and tyy-o 5 values could not be made,
there is still practical usefulness of the information on the relaxation behavior of the sucrose-

maltodextrin-salt bioglass. By considering at any particular temperature of interest below Ty,
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one could expect a more stable system with high concentration of maltodextrin. Also, the

stability of a bioglass can be substantially increased by slightly lowering storage temperature.



Table 2.21 Estimation of Z<"W

values for tyy=05

and S parameters from experimental data and the calculated

SC/ NaCit Ty—Ta Ta W W tun =05 t™* 40 =05
MD SC o) O m  wmw P T (h)
26.6 60 361 285 0.87 0.97 237 196
7:3 0 16.6 70 169 160 0.42 0.44 71.1 69.6
11.6 75 153 142 0.32 0.33 47.9 46.9
314 60 305 303 1** 1** 210 210
7:3 0.1 21.4 70 139 111 0.56 0.68 72.2 64.8
16.4 75 90.3 89.2 0.35 0.35 32.0 31.3
384 60 107 1030 ]** 0.99 736 708
7:3 0.2 28.4 70 332 267 0.64 0.71 187 159
23.4 75 136 136 0.57 0.57 71.5 71.6
29.2 70 1160 1200 1** 0.98 798 823
5:5 0 24.2 75 594 417 0.84 1.00 385 289
19.2 80 567 435 0.65 0.72 321 261
25.2 70 190 165 0.71 0.79 114 104
5:5 0.1 20.2 75 124 116 0.50 0.53 59.3 58.0
15.2 80 103 99.5 046 048 46.6 46.4
38.1 70 940 956 1** 0.98 648 658
5:5 0.2 33.1 75 649 556 0.93 1** 438 385
28.1 80 520 333 0.80 1** 329 231
56.9 80 2370 2450 ] * 0.98 1630 1690
3:7 0 51.9 85 1680 1660 0.89 0.90 1120 1110
46.9 90 1010 783 0.81 0.88 639 516
39.0 80 1720 131 0.70 0.76 1020 807
3:7 0.1 34.0 85 1290 1250 0.66 0.67 743 726
29.0 90 800 667 0.62 0.66 443 383
433 80 2430 2360 0.1** 0.99 1670 1630
3:7 0.2 38.3 85 1470 1530 0.92 091 986 1020
333 90 1100 795 0.83 0.92 707 534

KWW parameters with (¥) were obtained with linear regression on the linearised form of double logarithm of
#(t). The parameter without (*) were obtained with nonlinear regression. ty - osand t* 4 - o s were calculated
using the corresponding parameters. ** Exponential behavior was assumed since the solved values of fwas a

bit higher than unity.
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Figure 2.12 Plots for InZ*" determined using nonlinear regression algorithm as a function of

degree of undercooling (Tq — Ta). The ratios given in the legend are SC/MD and the figures in

parenthesis are NaCit/SC.
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Figure 2.13 Plots for In7?"" obtained with the linearised technique as a function of degree of

undercooling (Tg-Ta). The ratios given in the legend are SC/MD and the figures in

parentheses are NaCit/SC.



135

2.4.5.2 Temperature dependence of the enthalpy relaxation

The temperature dependence or kinetics of enthalpy relaxation process depends on
the type of associated molecular motions. This behavior can be characterized with the
apparent activation energy (E;) which corresponds to the minimum interaction energy
between molecules (Liu et al.,, 2006). In other words, E, represents the degree of
cooperativity of molecular motions (Starkweather and Avakian, 1989; Starkweather, 1990).
However, E; could be affected by the temperature-dependence intermolecular interactions
and the variation of free volume within the amorphous matrix (Champion et al., 2000; Haque
et al., 20006).

In general, the behavior of molecular relaxation in glassy amorphous systems deviates
from Arrhenius kinetics due to the strong temperature dependence nature particularly at
temperatures around their Tq. The most popular expressions for describing this behavior are
the Williams-Landel-Ferry (WLF; Equation 1.1) and the empirical Vogel-Tamman-Fulcher
(VTF; Equation 1.4) equations (Liu et al., 2006). In fact, they are mathematically equivalent
and the WLF is considered a special case of the VTF equation (Ediger et al., 1996; Hancock
and Zografi, 1997). The WLF equation has been commonly applied for studying polymer
physics, while the VTF equation for describing the temperature dependence of simple liquid

systems (Angell, 1997). From the VTF equation:

T-T

o0

T=1, exp( B j (1.4)
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where B, T, and 7y are constant, it is believed that T., corresponds to the theoretical critical
temperature at which the configurational entropy of the system reaches zero (Hancock and
Zografi, 1997). This temperature is known as the Kauzmann temperature (Tk), graphically
illustrated in Figure 2.9. However, in most enthalpy relaxation studies, the value of T, is
assumed zero, i.e., assuming Arrhenius-like behavior for 7 (Liu et al., 2006). Consequently,

Equation 1.4 can be rewritten as (Liu et al., 2007):

E
T=1, exp[ R'F J (2.3)

cta

where R is the ideal gas constant (8.314 J/mol.K). This assumption has been verified with
experimental data, e.g., on glassy starch (Kim et al.,, 2003) and pharmaceutical solids
(Hancock et al., 1995).

I applied the same approach to investigate the kinetics of enthalpy relaxation process
of bioglass samples subjected to isothermal aging. The Arrhenius plots of 7" obtained with
two different techniques were constructed as illustrated in Appendix 2.7 and 2.8 and the
values of E, were obtained via linear regression. The resulting E, values are given in Table
2.22. In general, the assumption of Arrhenius temperature dependence for the enthalpy
relaxation process was reasonable; both techniques provided a good fit to experimental data.
There were only a few plots that showed the R? values of approximately 0.7 to 0.8 indicating
deviation from the Arrhenius kinetics, while the majority exhibited considerably high R?

values (~ 0.98).
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The E, obtained in this study ranged from approximately 50 to 130 kJ/mol which was
quite lower than those of sugar and starch systems reported in literature, e.g., 284 kJ/mol for
glassy starch (Kim et al., 2003), 212 to 275 kJ/mol for sucrose (Hancock et al., 1995; Kawai
et al., 2005; Haque et al., 2006; Liu et al., 2007), 233 kJ/mol for a mixture of 30 % corn
syrup and 70 % sucrose, and in the range of 136 to 224 kJ/mol for sucrose and glucose syrup
solid mixtures (Liu et al., 2007). As far as the magnitude of E; is concerned, the possible
reason for the low E; values in this study was not quite clear. However, the obtained E,
values are greater than those for the secondary or frelaxation process, e.g., 42 to 63 kJ/mol
for mixtures of glucose and maltose in glassy state (Noel et al., 1996), 55 kJ/mol for
amorphous ethyl cellulose (Bidault et al., 2005), which mainly associated with the local
motions of a short sequence of molecules in low-density region with less intermolecular
interaction (Liu et al., 2006). A process with higher level of cooperativity requires more
energy to activate than does the one associated with lower cooperativity. The greater E, value
of enthalpy relaxation process as compared to that of the frelaxation process indicates the
association with the more cooperative — the translational diffusion — rather than localized
molecular motions.

In general, the values of E; obtained with the linearised technique were slightly
higher than those obtained with nonlinear regression. The E, values tended to increased with
increasing concentration of maltodextrin. However, the result became more interesting when
sodium citrate was introduced to the bioglass systems. In the system with SC/MD of 7:3,
higher E, values were obtained upon the addition of Na citrate; the higher concentration of
Na citrate, the greater the E, value. This trend was different in the systems with lower

concentration of sucrose, i.c., SC/MD levels of 5:5 and 3:7. The addition of small amount of
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Na citrate to these systems (NaCit/SC of 0.1) resulted in the decrease of E; value. However,
by increasing Na citrate concentration (NaCit/SC of 0.2), higher E; values were obtained. It
should be noted that the overall trend of change in E; values upon varying SC/MD and
NaCit/SC was similar to that of the change in Ty values of the bioglass systems with low
level of residual moisture content (Table 2.5). The molecular interactions between Na citrate
and sucrose might be responsible for the increasing of Ty and E, values. Based on the fact
that a number of hydroxyl groups are present in sucrose molecule, and the evidence from
FTIR analysis (Kets et al., 2004), it is believed that the interaction between sucrose and Na
citrate is in the form of hydrogen bonding. More importantly, similar trends of change in E,
and Ty values might imply a certain level of coupling between the structural relaxation and
the glass transition or a-relaxation in bioglass systems. This result agrees with that reported
in the literature (Champion et al., 2000), which states that physical aging (or enthalpy
relaxation) can be regarded as a continuation of o-relaxation (or glass transition).
Nevertheless, the results inferred from enthalpy relaxation data may be considered as
suggestive rather than definitive since the experiments were conducted at slightly different

degrees of undercooling.



Table 2.22 The E, values of bioglass samples obtained from Arrhenius plots of the 7"

values estimated using two different techniques (Appendices 2.7 and 2.8).

Nonlinear regression

Linearised technique

SC/MD NaCit/SC
Ea R? Ea R2
(kJ/mol) (kJ/mol)

7:3 0 57.7 0.95 46.3 0.97
7:3 0.1 77.8 1.00 93.1 0.98
7:3 0.2 129 0.98 129 1.00
5:5 0 72.2 0.81 103 0.73
5:5 0.1 61.7 0.95 50.8 0.95
5:5 0.2 59.8 0.98 106 1.00
3:7 0 91.3 0.99 122 0.96
3:7 0.1 81.4 0.98 71.4 0.79
3:7 0.2 84.4 0.98 116 0.98
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2.5 Conclusions

Moisture and components of sucrose-maltodextrin-salt bioglass model system played
significant roles on glass transition characteristics.

Moisture contributed a significant plasticization effect on the system. A slight
difference in residual moisture content, between low (0.27 to 0.35 %wb) and high (2.83 to
4.40 %wb) levels, resulted in substantial reduction of Ty from approximately 106 to 67 °C.

The Ty increased with increasing maltodextrin concentration regardless of residual
moisture content levels in the range of this study. The average values of Ty for the systems
with SC/MD levels of 7:3, 5:5 and 3:7 were 61, 64 and 76 °C at high-level moisture content,
and were 92, 101 and 126 °C at low-level moisture content, respectively. The result was as
expected since Tq is known to depend on structure and the average molecular weight of glass-
forming molecules.

The improvement in Ty value was observed when Na citrate was added to the system.
Regardless of SC/MD level, the Ty of systems at high-level moisture content increased
slightly upon the addition of Na citrate. The Ty values for the systems with NaCit/SC levels
of 0, 0.1 and 0.2 were approximately 64, 67 and 69 °C, respectively. At low-level moisture
content, the system with SC/MD of 7:3 showed a dramatic increase in Ty value for
approximately 12 °C when NaCit/SC was 0.2. In contrast, Ty values for the systems with
SC/MD levels of 5:5 and 3:7 initially decreased when small amount of Na citrate was added
(NaCit/SC of 0.1). With an increase in Na citrate concentration (NaCit/SC of 0.2), the Tq of

these two systems went up. However, the improvement in Ty value upon the addition of Na
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citrate was found only in the system with SC/MD of 5:5. These changes in Ty suggest a
tendency of interaction between Na citrate and sucrose, rather than between Na citrate and
maltodextrin. Such interaction might create less-mobile large clusters of sucrose and Na
citrate, which could raise the Ty of the system.

The width of glass transition zone was under influenced by the SC/MD ratio and
residual moisture content. Within the ranges of moisture content in this study, glass transition
width increased with the decreasing SC/MD (i.e., the increasing maltodextrin concentration)
possibly due to the heterogeneity nature since maltodextrin consists of glucose polymers with
broad spectrum of chain lengths and molecular weights. For all the systems with different
SC/MD, water did accelerate glass transition so that the glass transition zone narrowed by
approximately 50% as moisture content increased from low to high level.

All three factors studied significantly affected ACpgr. In addition to main effects, the
interaction effects of the factors rendered the interpretation of the results rather complicated.
In general, AC, et tended to increase with the increasing concentration of water, sucrose and
Na citrate. There was barely detectable change in AC, g7 value of the systems at low moisture
content. The dependence of ACpet on Na citrate concentration was found in systems with
SC/MD levels of 7:3 and 5:5 when residual moisture content was high. The increase of
AC, et with sucrose and Na citrate concentration suggests the greater degree of organization
of the glass matrix, i.e., the more compact system (Gibbs and DiMarzio, 1958), while the
increase of ACp gt values with moisture content would reflect the magnitude of changes in
molecular mobility due to the interference of water on the intermolecular interactions

between glass-forming molecules (Borde et al., 2002).
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The KWW equation was fit with enthalpy relaxation data obtained from aging
experiments. There was no correlation between £ and composition of the bioglass system.
"W decreased with increasing Ta or SC/MD with the magnitude ranging from less than a
hundred to several thousand hours. The smaller magnitude of "V at higher T, indicates
more mobility of bioglass at the temperatures closer to its Tq. The greater 7" at lower
SC/MD (or higher maltodextrin concentration) suggests the ability of large molecules to
suppress molecular mobility. In the system with high content of sucrose and Na citrate
(SC/MD = 7:3 and NaCit/SC = 0.2), it was found that 7" rapidly decreased upon reducing
T,. This observation suggests that the interaction between Na citrate and sucrose is dependent
on temperature. The interaction gets stronger at lower temperatures below Tg. In other words,
the interaction between Na citrate and sucrose substantially slows down the aging process
upon the small reduction in storage temperature. Since, the magnitudes of 7"V cannot be
compared directly due to the broad distribution of S values, the term t4t-0.s which reflects the
combined effect of both 7"V and S was introduced. It was found that the trend of changes of
tin-os was similar to that of the AW Though E, mainly increased with increasing
maltodextrin concentration, the highest value of E; was found in the system with the highest
concentration of Na citrate and sucrose (SC/MD = 7:3 and NaCit/SC = 0.2). The noticeable
increase in Tg, tyy-os, and E; values with the increasing concentration of Na citrate in the
system with high sucrose content suggests that the less-mobile larger clusters of Na citrate-

sucrose may be formed, likely by hydrogen bonding, and help restricting the mobility of

bioglass matrix. Furthermore, the similar trend of changes in E; and Ty agree with literature
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(Champion et al., 2000) that physical aging can be regarded as the continuation of o-

relaxation or glass transition.
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APPENDIX 2

Appendix 2.1 Statistical analysis of residual moisture content

RH_Level: The levels of relative humidity of the atmosphere used to equilibrate glass
samples.
MC: The residual moisture content (%whb) of glass samples after fully equilibrated.

Table A2.1.1 Factors and levels for the analysis of residual moisture contents

Between-Subjects Factors

Value Label N

RH_Level 1 Low

[
o

2 High

Treatment Trt-3700
Trt-3701

Trt-3702

Trt-5500

Trt-5501

Trt-5502

Trt-7300

Trt-7301

B L T = T = T - T S T~ N

Trt-7302

Table A2.1.2 The original ANOVA table for the analysis of residual moisture content

Tests of Between-Subjects Effects

Dependent Variable:MC

Type Il Sum of

Source Squares df Mean Square F Sig.
Corrected Model 104.126% 17 6.125 1314.865 .000
Intercept 140.857 1 140.857 | 30237.711 .000
Treatment 2.332 8 291 62.572 .000
RH_Level 99.634 1 99.634 21388.265 .000
Treatment * RH_Level 2.161 8 .270 57.982 .000
Error .084 18 .005

Total 245.068 36

Corrected Total 104.210 35

a. R Squared = .999 (Adjusted R Squared = .998)
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Figure A2.1.1 Residual moisture content of glass samples equilibrated under the atmosphere

having different levels of RH.



Appendix 2.2 Statistical analysis of glass transition temperature (T)

Table A2.2.1 Factors and levels for the analysis of Ty

Between-Subjects Factors

Value Label N

RH_Level 1 Low 18
2 High 18

Citrate_SC 1 0 12
2 0.1 12

3 0.2 12

SC_MD 1 7:3 12
2 55 12

3 3:7 12

Table A2.2.2 The original ANOVA table for the analysis of Ty

Tests of Between-Subjects Effects

Dependent Variable:Tg

Type Il Sum of
Source Squares df Mean Square F Sig.
Corrected Model 19471.467°% 17 1145.380 426.920 .000
Intercept 269885.445 1 269885.445 100594.984 .000
RH_Level 14213.011 1 14213.011 5297.646 .000
Citrate_SC 141.326 2 70.663 26.338 .000
SC_MD 3904.457 2 1952.229 727.658 .000
RH_Level * Citrate_SC 129.819 2 64.909 24.194 .000
RH_Level * SC_MD 617.645 2 308.822 115.108 .000
Citrate_SC * SC_MD 212.527 4 53.132 19.804 .000
RH_Level * Citrate_SC * 252.682 4 63.170 23.546 .000
SC_MD
Error 48.292 18 2.683
Total 289405.204 36
Corrected Total 19519.759 35

a. R Squared = .998 (Adjusted R Squared = .995)
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Appendix 2.3 Statistical analysis of glass transition width

Table A2.3.1 Factors and levels for the analysis of glass transition width

Between-Subjects Factors

Value Label N

RH_Level ! Low 18
2 High 18

1 0 12

Citrate_SC 2 0.1 12
3 0.2 12

1 7:3 12

SC_MD 2 5:5 12
3 3.7 12

Table A2.3.2 The original ANOVA table for the analysis of glass transition width

Tests of Between-Subjects Effects

Dependent Variable:GT_width

156

Type 1l Sum of

Source Squares df Mean Square F Sig.
Corrected Model 1062.938%| 17 62.526 15.704| .000
Intercept 8150.779 1 8150.779 | 2047.162 | .000
RH_Level 747.384 1 747.384 | 187.714| .000
Citrate_SC .993 2 497 .125| .883
SC_MD 210.283 2 105.142 26.408 | .000
RH_Level * Citrate_SC 465 2 .233 .058 .943
RH_Level * SC_MD 42.520 2 21.260 5.340| .015
Citrate_SC * SC_MD 25.993 4 6.498 1.632| .210
RH_Level * Citrate_SC * SC_MD 35.299 4 8.825 2.216| .108
Error 71.667 18 3.982

Total 9285.384 36

Corrected Total 1134.605| 35

a. R Squared = .937 (Adjusted R Squared = .877)
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Appendix 2.4 Statistical analysis of specific heat change at the glass transition (ACpc7)

Table A2.4.1 Factors and levels for the analysis of AC, gt

Between-Subjects Factors

Value Label N

RH_Level 1 Low 18
2 High 18

Citrate_SC 1 0 12
2 0.1 12

3 0.2 12

SC_MD 1 7:3 12
2 5:5 12

3 3:7 12

Table A2.4.2 The original ANOVA table for the analysis of ACpct

Tests of Between-Subjects Effects

Dependent Variable:DCp Change

Type Il Sum of

Source Squares df Mean Square F Sig.
Corrected Model 8.455%( 17 497 280.592 .000
Intercept 13.661 1 13.661 7707.318 .000
RH_Level 3.498 1 3.498 1973.312 .000
Citrate_SC .098| 2 .049 27.656 .000
SC_MD 2.910 2 1.455 820.802 .000
RH_Level * Citrate_SC .082 2 .041 23.256 .000
RH_Level * SC_MD 1.822( 2 911 514.088 .000
Citrate_SC * SC_MD .028 4 .007 3.916 .019
RH_Level * Citrate_SC * SC_MD .017 4 .004 2.370 .091
Error .032| 18 .002

Total 22.148| 36

Corrected Total 8.487| 35

a. R Squared = .996 (Adjusted R Squared = .993)
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Table A2.4.3 Summary of the follow-up ANOVA table for the analysis of ACp et

Type lll Sum of

Source df Mean Square F Sig.
Squares

RH Level 3498 1 3.498 1973.312 .000
Citrate_SC .098 2 .049 27.656 .000
SC_MD 2910 2 1.455 820.802 .000
RH_Level * Citrate_SC 082 2 .041 23.256 .000
RH_Level * SC_MD 1822 2 911 514.088 .000
Citrate_SC * SC_MD .028 4 .007 3.916 .019
RH_Level * Citrate_SC * SC_MD 017 4 .004 2.370 .091
Citrate_SC @ RH_Level
Citrate_SC @ RH_Level=Low 001 2 .000 .253 779
Citrate_SC @ RH_Level=High 180 2 .090 50.660 .000
RH_Level @ Citrate_SC
RH_Level @ Citrate_SC=0 756 1 .756 426.719 .000
RH_Level @ Citrate_SC= 0.1 1.198 1 1.198 676.068 .000
RH_Level @ Citrate_SC= 0.2 1625 1 1.625 917.038 .000
SC MD @ RH_Level
SC_MD @ RH_Level=Low 064 2 .032 18.053 .000
SC_MD @ RH_Level=High 4.668 2 2.334 1316.838 .000
RH_Level @ SC_MD
RH_Level @ SC_MD=7:3 3595 1 3.595 2028.259 .000
RH_Level @ SC_MD=5:5 1724 1 1.724 972.716 .000
RH_Level @ SC_MD= 3:7 001 1 .001 513 483
SC_MD @ Citrate_SC
SC_MD @ Citrate_SC=0 951 2 475 268.202 .000
SC_MD @ Citrate_SC=0.1 859 2 430 242.436  .000
SC_MD @ Citrate_SC=0.2 1.127 2 .564 317.996 .000
Citrate_SC @ SC_MD
Citrate_SC @ SC_MD=7:3 030 2 .015 8.352 .003
Citrate_SC @ SC_MD=5:5 .086 2 .043 24.155 .000
Citrate_SC @ SC_MD= 3:7 011 2 .005 2.980 .076
Error 032 18 .002
Corrected Total 8.487 35
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Table A2.4.4 Homogeneous Subsets for RH_Level*Citrate_ SC
A: Effect of Citrate_SC at each level of RH_Level (Tukey HSDa’b)

Subset
RH_Level Citrate_SC N
1 2 3
0 6 0.303
Low 0.1 6 0.296
0.2 6 0.314
0 6 0.805
High 0.1 6 0.929
0.2 6 1.050

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 0.002.

a. Uses Harmonic Mean Sample Size = 6.000.

b. Alpha = .050.

B: Effect of RH_Level at each level of Citrate_ SC

Subset
Citrate_SC RH_Level N
1 2
0 Low 6 0.303
High 6 0.805
Low 6 0.296
0.1
High 6 0.929
Low 6 0.314
0.2
High 6 1.050

Based on estimated marginal means.
The mean difference is significant at the .05 level.
Adjustment for multiple comparisons (for two means): Least significant difference (equivalent to no adjustments).

Table A2.4.5 Homogeneous Subsets for RH_Level*SC_MD
A: Effect of SC_MD at each level of RH_Level (Tukey HSDa’b)

Subset
RH_Level SC_MD N
1 2 3
7:3 6 0.373
Low 5:5 6 0.312
37 6 0.228
7:3 6 1.468
High 5:5 6 1.071
37 6 0.245

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 0.002.
a. Uses Harmonic Mean Sample Size = 6.000. b. Alpha =.050.
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B: Effect of RH_Level at each level SC_MD

Subset
SC_MD RH_Level N
1 2
Low 6 0.373
7:3
High 6 1.468
Low 6 0.312
5:5
High 6 1.071
Low 6 0.228
3.7
High 6 0.245

Based on estimated marginal means. The mean difference is significant at the .05 level.
Adjustment for multiple comparisons (for two means): Least significant difference (equivalent to no adjustments).

Table A2.4.6 Homogeneous Subsets for Citrate*SC_MD
A: Effect of SC_MD at each level of Citrate_SC (Tukey HSDa'b)

Subset
Citrate_SC SC_MD N
1 2 3
7:3 4 0.883
0 5:5 4 0.584
3:7 4 0.195
7:3 4 0.888
0.1 5:5 4 0.700
3:7 4 0.250
7:3 4 0.990
0.2 5:5 4 0.791
3:7 4 0.264
B: Effect of Citrate_SC at each level of SC_MD (Tukey HSD*")
Subset
SC_MD Citrate_SC N
1 2 3
0 4 0.883
7:3 0.1 4 0.888
0.2 4 0.990
0 4 0.584
5:5 0.1 4 0.700
0.2 4 0.791
0 4 0.195
37 0.1 4 0.250
0.2 4 0.264

Means for groups in homogeneous subsets are displayed. Based on observed means.
The error term is Mean Square (Error) = 0.002.
a. Uses Harmonic Mean Sample Size = 4.000. b. Alpha =.050.



Appendix 2.5 Plots of relative enthalpy relaxation obtained from aging experiments

Each data point represents the mean value of relative enthalpy recovery from two

replications. Three individual measurements were made for each replication. Error bars

reflect the standard deviation.
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Figure A2.5.1 Relative enthalpy relaxation of a sample consisting of 7:3 S without Na citrate

salt obtained at three different aging temperatures.
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Figure A25.2 Relative enthalpy relaxation of a sample consisting of 7:3
sucrose/maltodextrin with Na citrate/sucrose of 0.1 obtained at three different aging

temperatures.
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Figure A25.3 Relative enthalpy relaxation of a sample consisting of 7:3
sucrose/maltodextrin with Na citrate/sucrose of 0.2 obtained at three different aging

temperatures.
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Figure A25.4 Relative enthalpy relaxation of a sample consisting of 5:5

sucrose/maltodextrin without Na citrate salt obtained at three different aging temperatures.
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Figure A25.5 Relative enthalpy relaxation of a sample consisting of 5:5

sucrose/maltodextrin with Na citrate/sucrose of 0.1 obtained at three different aging

temperatures.
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Figure A25.6 Relative enthalpy relaxation of a sample consisting of 5:5

sucrose/maltodextrin with Na citrate/sucrose of 0.2 obtained at three different aging

temperatures.
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Figure A25.7 Relative enthalpy relaxation of a sample consisting of 3:7

sucrose/maltodextrin without Na citrate salt obtained at three different aging temperatures.
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Figure A25.8 Relative enthalpy relaxation of a sample consisting of 3:7

sucrose/maltodextrin with Na citrate/sucrose of 0.1 obtained at three different aging
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Figure A25.9 Relative enthalpy relaxation of a sample consisting of 3:7

sucrose/maltodextrin with Na citrate/sucrose of 0.2 obtained at three different aging

temperatures.
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Appendix 2.6 Plots for estimating the KWW parameters using the linearised form of
double logarithm of ¢(t).
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Figure A2.6.1 Plots for linear regression of the KWW parameters for sucrose-maltodextrin

based bioglass samples with sucrose/maltodextrin ratio of 7:3, no Na citrate.



05 |

15 |

In{-[In ¢(t)]}

25 |

35 |

4L

* 7:3(0.1)@ 60C
® 7:3(0.1)@ 70C
7:3(0.1)@ 75C

y =0.3516x - 1.5788
R? =0.9996

y =0.6819x - 3.2114
R? = 0.8951

y =1.0491x - 5.8866
R? =0.9981

0.5 1

1.5 2 2.5 3 3.5 4
Int

4.5

175

Figure A2.6.2 Plots for linear regression of the KWW parameters for sucrose-maltodextrin

based bioglass samples with sucrose/maltodextrin ratio of 7:3, Na citrate/sucrose of 0.1.
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Figure A2.6.3 Plots for linear regression of the KWW parameters for sucrose-maltodextrin

based bioglass samples with sucrose/maltodextrin ratio of 7:3, Na citrate/sucrose of 0.2.
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Figure A2.6.4 Plots for linear regression of the KWW parameters for sucrose-maltodextrin

based bioglass samples with sucrose/maltodextrin ratio of 5:5, no Na citrate.
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Figure A2.6.5 Plots for linear regression of the KWW parameters for sucrose-maltodextrin

based bioglass samples with sucrose/maltodextrin ratio of 5:5, Na citrate/sucrose of 0.1.
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Figure A2.6.6 Plots for linear regression of the KWW parameters for sucrose-maltodextrin

based bioglass samples with sucrose/maltodextrin ratio of 5:5, Na citrate/sucrose of 0.2.
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Figure A2.6.7 Plots for linear regression of the KWW parameters for sucrose-maltodextrin

based bioglass samples with sucrose/maltodextrin ratio of 3:7, no Na citrate.
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Figure A2.6.8 Plots for linear regression of the KWW parameters for sucrose-maltodextrin

based bioglass samples with sucrose/maltodextrin ratio of 3:7, Na citrate/sucrose of 0.1.
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Figure A2.6.9 Plots for linear regression of the KWW parameters for sucrose-maltodextrin

based bioglass samples with sucrose/maltodextrin ratio of 3:7, Na citrate/sucrose of 0.2.
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Appendix 2.7 The Arrhenius plots of 7Y obtained with nonlinear regression
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Figure A2.7.1 Arrhenius plots of 7"V (obtained with nonlinear regression) for sucrose-

maltodextrin based bioglass samples with sucrose/maltodextrin ratio of 7:3.
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Figure A2.7.2 Arrhenius plots of 7*V (obtained with nonlinear regression) for sucrose-

maltodextrin based bioglass samples with sucrose/maltodextrin of 5:5.
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Figure A2.7.3 Arrhenius plots of 7V (obtained with nonlinear regression) for sucrose-

maltodextrin based bioglass samples with sucrose/maltodextrin ratio of 3:7.
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Appendix 2.8 The Arrhenius plots of 7Y obtained with the linearised form of double

logarithm of ¢(t)
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Figure A2.8.1 Arrhenius plots of 7" (obtained with linearised technique) for sucrose-

maltodextrin based bioglass samples with sucrose/maltodextrin ratio of 7:3. Figures in

parenthesis shown in the legend are values of Na citrate/sucrose ratio.



187

_ y =12.342x - 29.056
¢ 5500 R? =0.7265
7 L B 55(0.1)
A 55(02)
------- Linear (5:5 (0))
— — — - Linear (5:5 (0.1))
Li : 2
inear (5:5 (0.2)) y = 12.769x - 30.351
R? = 0.9999
6 L
2
=
S
c
|
y = 6.1067x - 12.724
R? = 0.9535
5 | S
I
o "
4
282 283 284 285 286 287 288 289 2.9 2.91

1000/T 4

2.92

Figure A2.8.2 Arrhenius plots of 7" (obtained with linearised technique) for sucrose-

maltodextrin based bioglass samples with sucrose/maltodextrin ratio of 5:5. Figures in

parenthesis shown in the legend are values of Na citrate/sucrose ratio.
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Figure A2.8.3 Arrhenius plots of 7" (obtained with linearised technique) for sucrose-

maltodextrin based bioglass samples with sucrose/maltodextrin ratio of 3:7. Figures in

parenthesis shown in the legend are values of Na citrate/sucrose ratio.



189

CHAPTER 3

FTIR SPECTROSCOPIC EVALUATION OF

SUCROSE-MALTODEXTRIN-Na CITRATE BIOGLASS

3.1 Abstract

Effects of sucrose, maltodextrin, Na citrate and moisture on their mixture—the
bioglass model system—were study using the Fourier transform infrared spectroscopy
(FTIR). Samples were formulated with different sucrose/maltodextrin ratios (SC/MD = 7:3,
5:5 and 3:7, by mass) and Na citrate/sucrose ratios (NaCit/SC = 0, 0.1 and 0.2, by mole) and
two levels of moisture content, low (0.27 - 0.49 %wb) and high (2.83 to 4.4 %wb). Hydrogen
bonding interactions were investigated by analyzing the OH-stretching absorption band in the
FTIR spectra. There was no noticeable effect of moisture on the bioglass other than slight
shift down of the OH-stretching band. The matrix of the system with high concentration of
maltodextrin was loosely packed. Na citrate interacted with both sucrose and maltodextrin
through carboxylic groups, as evidenced by the shifting of 1,5(COO ) and 1(COO ).

However Na citrate tended to interact with sucrose rather than maltodextrin. The strongest
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hydrogen-bonded network was observed in the system with highest concentration of sucrose

(SC/MD = 7:3) and Na citrate (NaCit/SC = 0.2).

3.2 Introduction

Intermolecular network can be studied by indirectly observing the intramolecular
mode of molecules since their oscillatory forces are sensitive to the level of molecular
interaction with their surrounding. It is commonly observed that a change in oscillatory force
of particular bond in a set of molecules induces some correlated changes in the oscillatory
force of the neighboring bonds—intramolecular and intermolecular (Brubach et al., 2005).
Molecular oscillation can be monitored using a number of techniques: differential scanning
calorimetry (DSC), dynamic mechanical thermal analysis (DMTA), dielectric thermal
analysis (DETA), nuclear magnetic resonance (NMR), and Fourier transform infrared
spectroscopy (FTIR). Of these, the FTIR has been widely used to obtain information on
molecular structure and intermolecular interactions in biological systems (Crowe et al., 1997;
Wolkers et al., 1998; Ottenhof et al., 2003; Kets et al., 2004; Wolkers et al., 2004a; Wolkers
et al., 2004b; Brubach et al., 2005; Chang et al., 2005; Oldenhof et al., 2005; Gallina et al.,
2006; Gharsallaoui et al., 2008; Malsam and Aksan, 2009; Kadoya et al., 2010).

One of the important advantages of FTIR is that the information on chemical identity
contained in FTIR spectra allows studying multiple component systems. Though Carbon-13
NMR (’C NMR) technique is also capable of providing chemical identification of physical

and chemical processes, it is time-consuming and lacks sensitivity (Ottenhof et al., 2003).
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In carbohydrate research, the FTIR technique could provide insights into the nature of
hydrogen-bonding network of the amorphous matrix, which otherwise could not be obtained
using DSC, the most common technique. In addition, phase transitions of the system could
also be detected from the thermotropic response of infrared absorption bands. The length and
the strength of intermolecular hydrogen bonding could be respectively inferred from the band
position and the shift in band position of the OH-stretching vibration from FTIR spectra
(Wolkers et al., 2004b). FTIR spectra in the region of 1500 — 800 cm™, the so called a
“fingerprint” region of sugar, can be used to differentiate types of sugar according to their
molecular vibration sensitivity to the flexibility around the glycosidic bond. Vibrations in this
region are mainly attributed to in-ring CO-stretching, inter-ring COC-, COH- and CCH-
bending, and symmetrical deformations of CH, groups. The fingerprint region is sensitive to
a physical state (amorphous/crystalline, glassy/rubbery) of sugar and hence could be used to
monitor the transitions between states (Ottenhof et al., 2003). The spectra next from the
fingerprint region, in a range of 1800 —1600 cm™, which usually arise from HOH-bending of
water molecules, could provide important information about the effects of sugar on the

hydrogen-bonded network of water (Gharsallaoui et al., 2008).

3.2.1 Infrared spectroscopy

Infrared spectroscopy deals with the infrared region of electromagnetic spectrum. The
infrared region is usually divided into three sub-regions: the near-, mid- and far-infrared. The
near-infrared, wavenumber of approximately 14000 — 4000 cm ' (0.8 — 2.5 um wavelength),
possesses high energy which can excite overtone or harmonic vibrations. The mid-infrared,

approximately 4000 — 400 cm ™' (2.5 — 25 pm), is generally used to study the fundamental
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vibrations and associated rotational-vibrational structure. The low energy far-infrared region,
approximately 400 — 10 cm ™' (25 — 1000 pm), which locates close to the microwave region,

could be used for rotational spectroscopy (Anonymnous, 2010).

3.2.1.1 Theory

An infrared spectrum is formed as a consequence of absorbing electromagnetic
radiation in the infrared region by a molecule at resonant frequencies of specific sets of
chemical bonds within it. As a fundamental requirement for infrared activity, there must be a
net change in dipole moment during the vibration of molecule or functional group (Atkins
and Paula, 2009). Molecular bonds vibrate at different frequencies depending on the elements
and types of bonds. Any chemical bond can vibrate at several frequencies including the
ground state and several excited states. Besides, various modes of vibration, e.g., stretching,
bending, and twisting about certain centers within a molecule, are simultaneously observed in
an infrared spectrum. In the context of spectroscopy, frequency is commonly expressed as
wavenumber which is inverse of wavelength given in reciprocal centimeter (cm™). Since it
takes less energy to bend a bond than to stretch it, the stretching absorptions of a vibrating
chemical bond occur at higher frequencies (wavenumbers) than do the corresponding
bending absorptions. It can be then readily seen that energy and frequency are proportionally
related. For covalent bond between two atoms, the stretching frequency can be estimated

using the following equation (Coates, 2000):

. 1 /f(ml+m2) G.1)
27C\  m xm,
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Where, v is frequency (cm™),
c is velocity of light (cm.s’l),
f is force constant for the bond, and

m;, M, are atomic mass of the two atoms forming the bond.

Equation 3.1 indicates the significance of atomic mass on the stretching frequency of
the bond. If one of the bonded atoms is hydrogen, then the mass ratio in the equation would
be approximately unity. On the other hand, for the bonds of hydrogen with heavier atoms,
this ratio would be much smaller. That is why the bonds of hydrogen with lightweight atoms,
e.g., C-H, N-H, and O-H, exhibit much higher stretching frequencies than do the bonds of

hydrogen with heavier atoms (Anonymnous, 2009).

3.2.1.2 FTIR measurement system

The infrared spectrometer employs a simple optical device called an interferometer
which produces a unique type of signal containing all infrared frequencies encoded into it.
The signal obtained from the interferometer is called interferogram. As the interferogram is
measured, all frequencies are measured simultaneously and this is key to extremely fast FTIR
measurements. However, a means to decode individual frequency is required since the
measured interferogram cannot be interpreted directly (Thermo-Nicolet, 2001). FTIR refers
to the manner in which infrared data are collected and converted from an interferogram to a
spectrum via Fourier transformation. FTIR is a very useful tool for identifying chemicals in
both organic and in organic materials. The ability to analyze materials in a variety of states—

solid, liquid or gas—makes the technique highly versatile. FTIR spectra of pure compounds
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are generally unique, like a molecular “fingerprint.” For qualitative analysis, FTIR is
probably the most powerful tool for indentifying types of chemical bonding or functional
groups. The technique can be also used for quantitative analysis since the strength of

absorption is proportional to concentration (Thermo-Nicolet, 2001; Exova, 2010).

3.2.1.3 Infrared sampling methods

The sampling method could have a profound impact on the final infrared spectrum
and consequently the interpretation of FTIR data. Traditional transmission infrared
spectroscopy suffers from the complicated and time-consuming sample preparation
particularly for solid samples; besides, results obtained with this method are poorly
reproducible. To address these issues, focus has been placed on the reflectance method of
measurement, namely attenuated total reflectance (ATR), diffuse reflectance, specular
reflectance and/or transflectance. The ATR and diffuse reflectance are favored due to the
rapid sampling time and the excellent reproducibility they offer. The spectra obtained with
these methods however suffer from distortion or aberration. The ATR spectra are simpler to
handle as compared to those from the diffuse-reflectance method. In addition, the ATR is
nondestructive, requires only minimum amount of sample, and provides excellent quality
data with the best possible reproducibility. The downside is that the signal intensity across
the spectrum increases as a function of wavelength. However, this issue could be handled via

wavelength correction software algorithms (Coates, 2000; Perkin-Elmer, 2005).
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3.2.2 Hydrogen bonding

Hydroxyl groups usually do not exist in isolation. They exhibit a high degree of
association as a result of extensive hydrogen bonding. The interactions among these hydroxyl
groups may be within the same molecule—intramolecular hydrogen bonding, or exist
between neighboring molecules—intermolecular hydrogen bonding (Coates, 2000).

The network of hydrogen bonding is primarily responsible for holding up
carbohydrate glass matrix (Wolkers et al., 1998; Imamura et al., 2006) leading to a
significant broadening and lowering of the mean absorption frequency (Coates, 2000;
Maréchal, 2011). The shift in the mean absorption frequency tends to be a function of the
degree and strength of hydrogen bonding. A large shift to lower frequencies is observed in
compounds which exhibit extremely strong hydrogen bonding (Coates, 2000). The change in
the strength of hydrogen bonds was found to be in parallel with the changes in specific
volume or density when a material transforms from one state to another. A larger density
difference— a substantial change in the strength of hydrogen bonding—can be expected
when a material changes from a rubbery state to a crystalline solid while there is a smaller

difference of this property between the glassy and the rubbery states (Ottenhof et al., 2003).

3.2.3 FTIR spectroscopy in amorphous carbohydrates research

There has been controversy as to how carbohydrate glass could stabilize the
macromolecules trapped within its matrix. On one side, it has been established that the
stabilization effect of amorphous sugars on biomolecules encompasses two mechanisms: the

formation of glassy state by sugars and the direct interaction between sugars and
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biomolecules—the “water replacement” hypothesis (Crowe et al., 1998). Accordingly, a
desirable amorphous sugar matrix in this regard should exhibit a high Ty and has the ability to
bind with the target biomolecules. However, the water replacement concept is a
thermodynamic stabilization mechanism and only applicable over the transition between
equilibrium states, which is not the case for the thermodynamically non-equilibrium glassy
systems. Alternatively, the concept of “dilution effect” has been later proposed. This effect
does not require any particular interaction other than what is necessary for preventing phase
separation. It is believed that the dilution effect is partly responsible for the stabilization of
macromolecules in a glass matrix (Chang et al., 2005). Further evidences are still required for
elucidating the related mechanisms.

FTIR spectroscopy is a powerful tool that facilitates the study of materials in
amorphous state. The technique allows monitoring the changes in various chemical bonding
species in the amorphous matrix. Many groups of researchers have employed the FTIR
spectroscopy as a primary tool (Wolkers et al., 1998; Ottenhof et al., 2003; Wolkers et al.,
2004b; Imamura et al., 2006) while others used the technique as a complementary
measurement to help interpret the results along with other techniques (Kets et al., 2004;
Kadoya et al., 2008).

In a carbohydrate-water system, where water significantly contributes to OH-
stretching absorption band, clusters of water molecules could be categorized into three
families according to their hydrogen bond organization. The first, originating from
tetrahedrally bonded water molecules, namely networking water, locates in the region of
around 3300 — 3314 cm™. The second is intermediate water, which is a weakly or distorted

hydrogen-bonded family locates at around 3441 — 3470 cm™. The last family is free or
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multimer water, which originates from water monomers and dimers and locates at around
3570 — 3610 cm™ (Lerbret et al., 2005; Gallina et al., 2006; Malsam and Aksan, 2009). The
OH-bending absorption band which locates in the region of 1500 — 1800 cm™ does not
contain any contribution from the hydroxyl groups of carbohydrates; the band solely
originates from water (Lerbret et al., 2005; Gallina et al., 2006; Malsam and Aksan, 2009).

Among various absorption bands present in FTIR spectra, the OH-stretching vibration
is the most useful for the study of amorphous carbohydrates. There exists a relationship
between the rate of change of vibrational energy with temperature (wavenumber temperature
coefficient, WTC) of OH-stretching vibration, and the glass transition of carbohydrate
systems. The WTC is a parameter for determining the strength of hydrogen-bonded network.
Typically, OH-stretching band falls in the range of 3200 — 3600 cm™, depending on
temperature. As temperature rises, the band position of OH-stretching vibration shifts to the
higher wavenumbers indicating the weakening of hydrogen bonds. An abrupt change in
WTC of the OH-stretching mode has been observed during glass transition of carbohydrate
systems. In fact, the OH-bending vibration also appears to relate to glass transition. However,
this band falls in the fingerprint region of infrared spectrum, which is complex; many
absorption bands with different temperature dependencies overlap in this region, and hence
the assignment of this band becomes problematic. Another evidence to confirm the
applicability of infrared spectroscopy for determining Ty is the plasticizing effect of water on
a sugar glass in that the highest value of Ty determined with this technique was found in the
sample with the lowest water content. There is however a limit for using the infrared

spectroscopy for the analysis of Tq and WTC. As given above, the OH-stretching vibration
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bands of water and sugar are superimposed leaving the technique applicable only to the
systems with 0.3 g-H,O/g (dry weight) or lower (Wolkers et al., 1998).

From the study on amorphous carbohydrates with different chain lengths, the result
from FTIR analysis revealed interesting relationships among the characteristics of hydrogen
bonding, Ty, and change in heat capacity during glass transition (ACp 7). Wolkers et al. have
reported a positive correlation between OH-stretching band position and Tg, which indicates
that Ty increases with the average length of hydrogen bonds in amorphous sugars. The
thermotropic response of OH-stretching vibration in the amorphous matrix revealed a
relationship in which sugars with higher Ty exhibit the greater degree of freedom to rearrange
hydrogen bonds. They suggested that this higher degree of freedom to rearrange the
molecular packing during temperature change helps stabilizing the amorphous matrix. Even
though Ty of disaccharides generally shows a positive correlation with molecular weight,
predicting the Ty of disaccharides based solely on molecular weight is inaccurate.
Disaccharides exhibit a broad range of Tg: 70 °C for dry sucrose, 95°C for dry maltose, and
110°C for trehalose. This wide distribution of Ty for disaccharides is believed to be an
attribute of the differences in molecular packing which may be associated with the
differences in intermolecular hydrogen bonding. These differences are reflected in the band
position and the thermotropic response of OH-stretching vibration. As compared to sucrose,
the wavenumber-temperature coefficient of OH-stretching vibration in a glassy state (WTC,)
of trehalose is higher. The higher WTC, means the looser molecular packing. Thus
carbohydrates that exhibit high Tq would possess a loose amorphous structure. Accordingly,
the WTC, is suggested as a measure for the degree of order or entropy in glassy state. It was

also found that AC, g1 decreased with the increasing Ty, and so the increasing WTC,. The
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finding indicates a direct association between AC, gt and the strength of hydrogen-bonded
network of glassy systems (Wolkers et al., 2004b).

Wolkers et al. (2004a) studied the preservative property of sugars (glucose and
sucrose) and phosphate systems on dried liposomes. FTIR measurements were carried out to
investigate the interactions among phosphate, sugars and egg phosphatidylcholine (egg PC)
liposomes through hydrogen bonding, and to determine the Ty of the mixtures. The result
showed that the band position of OH-stretching vibration of sugars decreased with the
increasing amount of phosphate and reached a minimum when phosphate/glucose ratio equal
to unity. It was interpreted as phosphate increased, for a certain level, the Ty of amorphous
sugar matrices by forming strong hydrogen bonding. This effect could help stabilize the
liposomes during air drying. The observation on the response of OH-stretching vibration
suggested that liposomes also interacted with sugar though hydrogen bonding, but with the
less extent than that between phosphate and sugar. Besides, it was found phosphate decreased
the WTC of OH-stretching vibration in the glassy state, which means there was less degree of
freedom for hydrogen bonds to rearrange themselves. As a result, it was speculated that the
effects of phosphate could explain the poor storage ability of liposomes in sugar-phosphate
glass even with elevated Ty (Wolkers et al., 2004a).

The above results clearly demonstrate the significance of hydrogen bonding on the
protective property of carbohydrate-glass systems. It should be however noted that the
contribution of hydrogen bond networks to the amorphous matrix could be altered by a
number of factors, e.g., molecular structure, molecular weight, and concentration of matrix

components, and water content (Kadoya et al., 2008). In this study, we employed the FTIR
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spectroscopy to elucidate effects of each of the components, sucrose, maltodextrin, Na citrate

and moisture, on the bioglass model systems.

3.3 Materials and Methods

3.3.1 Materials and sample preparation

Materials and details on sample preparation are given in Chapter 2, sections 2.3.1 and

2.3.3, respectively.

3.3.2 Experimental design

Details about experimental design, and factors and their levels are given in Chapter 2,

Tables 2.1 and 2.2.

3.3.3 Moisture determination

Moisture content of samples was determined using the Karl Fischer titration

technique. Details of the measurements are given in Chapter 2, section 2.3.4.

3.3.4 FTIR spectroscopy

FTIR measurements were carried out at room temperature, approximately 25 °C,
using a computer-controlled Spectrum 100 series FTIR spectrometer (Perkin Elmer, Inc.,
Norwalk, CT) equipped with universal ATR sampling unit. Prior to the measurements, a
background signal was acquired by scanning an empty ATR sampling unit. A background
spectrum is necessary for FTIR measurement due to the fact that the absorption intensity is in
relative scale. This technique yields a spectrum which has all the instrument characteristics

removed (Thermo-Nicolet, 2001). Samples were scanned over the wavenumber ranging from
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4000 to 650 cm™ for 25 scans per measurement with a resolution of 4 cm™. An additional
sample holding plate was placed on the top of the diamond ATR sampling unit to aid the
measurements since samples were in a form of fine powder. Two replicates of samples were
measured with at least two measurements each.

Spectral analyses were carried out using the Spectrum software, version 6.2.0
(Perkin-Elmer, Inc., Norwalk, CT). Baseline correction was performed manually. In the
analysis of OH-stretching band position, FTIR spectra in the wavenumber range of 3600 -
3000 cm™ were selected, and normalized. The position of OH-stretching band was calculated
as an average of spectral position at 8 0% of the peak height (Wolkers et al., 2004; Wolkers

et al., 2004b; Oldenhof et al., 2005).

3.4 Results and Discussion

3.4.1 Characteristic of ATR-FTIR absorption spectra of individual component

Each component of bioglass model systems was subjected to infrared spectroscopy to
acquire their mid-IR absorption characteristics. The results containing information on
chemical identity of each component were expected to provide important elements for the
investigation of molecular interactions in the mixtures. Thus a thorough understanding on
characteristics of FTIR spectra obtained from individual component is crucial for

comprehending the behaviors of bioglass model systems.
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3.4.1.1 Water

The infrared absorption spectrum of deionized water as shown in Figure 3.1
apparently looks rather simple. There are two pronounced absorption bands at ~3300 and
~1630 cm™', which could be assigned as the OH-stretching and OH-bending (in plane)
vibration, respectively.

In fact, water absorption spectrum is very complex and very little is known about its
distinctive molecular-level features (Brubach et al., 2005; Maréchal, 2011). Water molecules
are interconnected through both covalently and noncovalently bonded atoms. The first type
of bonds gives rise to intramolecular vibrational modes while the later leads to intermolecular
modes (Brubach et al., 2005). Water molecules may vibrate in a number of ways including
symmetric stretch, asymmetric stretch, bending and liberations. Hidden in the vibrational
spectra of water is much of structural information. The broad spectrum encompasses various
absorption bands originating from the vibrations of water molecules, which have different
degrees of connectivity. The cooperative/anti-cooperative nature of hydrogen bonds and the
surrounding hydrogen bonds influences the strength of hydrogen bonding. The more
weakened the hydrogen bonds, the more strengthened the covalent O-H bonds. And this
results in the upshift of OH-stretching vibration frequency while the bending vibration
frequency shifts down (Falk, 1984; Chaplin, 2012). Infrared spectroscopy revealed that
almost all OH groups in liquid water establish hydrogen bonds in basic tetrahedral fashion
but with less order than those in ice (Maréchal, 2011). These hydrogen bonds are highly
versatile. They keep constantly rearranging while maintaining the cohesion of the whole

water body (Brubach et al., 2005).
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A close examination of OH-stretching band envelope (3700 — 2800 cm™) reveals that

the envelope likely encompasses three sub-absorption bands, illustrated in Figure 3.2, which
were also clearly observed from the infrared and Raman spectra of pure water reported in
literature (Gallina et al., 2006). To resolve the underlying sub-absorption bands, Gallina and
coworkers reproduced the spectra from infrared measurements by means of the Gaussian
profiles where the experimental spectra of water at 25 °C were nicely reproduced by
generating three curves centered at 3300, 3470 and 3610 cm™. Based on the literature data
(Walrafen et al., 1986; Robinson et al., 1999; Freda et al., 2005)—considering the
temperature, pressure and polarization behavior—three sub-absorption bands were
constructed and assigned to the ordered tetrahedral hydrogen bonded structures (G1, at 3300
cm™), the distorted hydrogen bonded structures (G2, at 3470 cm™), and the water molecules
with free hydroxyls (G3, at 3610 cm™) (Gallina et al., 2006). However, the OH-stretching
band of de-ionized water obtained in this experiment (Figure 3.2) reveals that the locations of

sub-absorption bands might be a little bit lower than those proposed values.

3.4.1.2 Crystalline sucrose

The absorption spectrum of crystalline sucrose is shown in Figure 3.3. It is
characterized by very sharp absorption bands throughout the mid-infrared region, which are
common for crystalline structure. In crystalline structure there exists a high degree of
homogeneity of intermolecular interactions resulting in the less dispersion of vibrational
levels (Wolkers et al., 2004b) and the increase in spectral resolution. There were two
absorption peaks at ~3310 and ~3380 cm™, and one isolated sharp peak at 3560 cm™ present

in the region of OH-stretching band which centered around 3300 cm™. Crystallization causes



204
a decrease in the wavenumber (frequency) of OH-stretching vibration as a result of an
increase in hydrogen-bond density and strength (Ottenhof et al., 2003; Wolkers et al., 2004b).
The isolated peak has also been found in the spectra of other sugars (Lutz and Vandermaas,
1994; Wolkers et al., 2004b) and it is suggested that the peak arises from weakly bonded O-
H---O system (Lutz and Vandermaas, 1994). There are approximately five absorption bands
present in the CH-stretching region located between 3000 and 2800 cm™. The fingerprint
region which covers the range of approximately 1500 — 800 cm™ is complex showing a series
of sharp overlapping absorption bands arising from CO-stretching, CC-stretching, and COH-

bending vibrations (Kacurdkovéa and Mathlouthi, 1996).

3.4.1.3 Maltodextrin powder

Maltodextrin spectrum exhibited a strong broad absorption band centered at ~3300
cm” and a weak band at ~1635 cm” which arise from OH-stretching and OH-bending (in
plane) modes, respectively (Figure 3.4). CH-stretching absorption band was found at ~2900
cm™. As compared to the spectrum of crystalline sucrose, absorption bands in the region of
carbohydrate fingerprint (1500 — 800 cm™") are broader showing extensive overlapping. In
general, the spectrum of maltodextrin looks similar to that obtained from enzyme-hydrolyzed

starch (Imam et al., 2006).

3.4.1.4 Crystalline Na citrate
The absorption spectrum of Na citrate—to be more precise, trisodium citrate
dihydrate—is dominated by two major absorption bands as shown in Figure 3.5. These two

bands with their peaks at around 1580 and 1385 cm™, which respectively correspond to the
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antisymmetric (1,5(COO )) and symmetric (15(COO )) stretching bands of carboxyl groups
of Na citrate (Kets et al., 2004; Max and Chapados, 2004). Water molecules apparently
contributed to a small OH-bending absorption band located at ~1650 cm” which
considerably overlapped with the 1,(COO ) band. The OH-stretching absorption band was
broad covering the range from 3600 to 2000 cm™ causing overlap of many absorption bands.
This broad band of OH-stretching vibration characteristic of carboxylic acids and their salts
has also been reported (Max and Chapados, 2004). Besides, there are other two sharp
absorption bands extending beyond the OH-stretching band envelop at approximately 2965
and 2920 cm’', which could be assigned to the CH-stretching vibrational modes. The
absorption in the region of approximately 1320 cm™ down to the lower wavenumbers are

rather complex encompassing a number of bands.
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Figure 3.1 ATR-FTIR absorption spectrum of deionized water.
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Figure 3.2 ATR-FTIR spectrum of deionized water in the region of OH-stretching absorption
band obtained from this experiment. Three sub-absorption bands were manually sketched to
represent the contribution from the ordered tetrahedral H-bonded structures (G;), the distorted
H-bonded structures (G;), and water molecules having free hydroxyls (Gs3) as proposed by

Gallina et al. (20006).



208

Absorbance

vOH

vCH

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.3 ATR-FTIR absorption spectrum of crystallize sucrose.
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Figure 3.4 ATR-FTIR absorption spectrum of maltodextrin powder.
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Figure 3.5 ATR-FTIR absorption spectrum of crystalline trisodium citrate dihydrate

(Na3C6H507).
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3.4.2 Effects of SC/MD on the characteristics of ATR-FTIR absorption spectra

Sucrose and maltodextrin are the principal components of the bioglass model system
and hence it is plausible to expect much contribution from these materials to the
characteristics of the system. In order to investigate the effect of SC/MD, absorption spectra

of the systems without Na citrate were considered.

From mid-IR absorption spectra, the effect of SC/MD was observed in two regions:
1500 to 800 cm™ and around 3300 cm™'—the region of OH-stretching band. The first region
encompasses the so called carbohydrate fingerprint region (1200 — 800 cm™). The absorption
spectra in this region exhibit a number of broad overlapping bands. The representative
absorption spectra of the systems without Na citrate are shown in Figures 3.6 and 3.7, for the
systems with low (0.28 — 0.34 %wb) and high (2.83 — 4.04 %wb) levels of moisture,
respectively. In general, the systems with different SC/MD exhibited quite similar features of
absorption spectra in the range of 1500 — 1200 cm™ which mainly arise from CH deformation
vibrations (Kacurdkova and Mathlouthi, 1996). However, the effect of SC/MD showed up on
absorption spectra in the region of approximately 1200 — 950 cm™. The intensity of
absorption band centered at around 1135, 1070, 1010 and 986 cm™ increased with increasing
SC/MD. These bands arise from the coupling of CO-stretching, CC-stretching and COH-
bending vibrations. The two most interesting bands are those at around 1135 and 986 cm™,
which are associated with the vibration of glycosidic linkages. The first one originates from
the coupling of CO-stretching, CH-bending and COH-stretching vibrations, and the later
solely arises from the CO-stretching vibration in the C-O-C glycosidic linkage (Kacurakova

and Mathlouthi, 1996). A close examination reveals that as SC/MD decreased, there was a



212
noticeable upshift of the band at around 1135 cm™. This band shifted from approximately
1130 to 1142 cm™ when SC/MD decreased from 7:3 to 3:7 suggesting the overall
strengthening of glycosidic linkages due to more contribution from a-1,4 glycosidic linkages
from maltodextrin which, as indicated by the result, are stronger than the a,3-1,2 glycosidic
linkage in sucrose.

In a polymer system, Ty is mainly under the influence of chain flexibility which is
governed by the nature of chemical groups constituting the main chain. Similarly, the melting
temperature (Tp) is also controlled by the main chain stiffness; this is the reason why Tp, and
Ty are correlated (Young and Lovell, 1991). In amorphous saccharides, hydrogen bond and
glycosidic linkage are primarily responsible to hold up the matrices by restricting the
movement of pyranose rings (Imamura et al., 2006). According to their molecular structure,
maltodextrin contains more glycosidic linkages than sucrose for the same number of
pyranose rings. And so the increase in intensity of the bands originated from glycosidic
linkages along with the decrease of SC/MD—the increase of maltodextrin concentration, was
as expected. From the studies on various amorphous saccharides, it was found that Ty
increased with the increasing number of pyranose rings, and so the number density of
glycosidic linkages. The finding led to the conclusion that glycosidic linkage could restrict
the ring segment of the pyranose ring more strongly than the hydrogen bond. Consequently,
it was suggested that a larger oligomer could be held by fewer hydrogen bonds against glass
transition. The degree of restriction by glycosidic linkage is dependent on the type of
linkage—the linkage sites. For instance, the a-1,1 glycosidic linkage may restrict the
movement of pyranose rings more than other types, whereas the a-1,6 glycosidic linkage was

found to be the weakest type (Imamura et al., 2006). Results obtained from the calorimetric
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measurements in Chapter 2 show a good agreement with those reported in the literature
(Imamura et al., 2006). The T4 values of the bioglass model systems (without Na citrate) of
SC/MD = 7:3, 5:5 and 3:7 were 86.6, 99.2 and 136.9 °C, respectively. As a result, it could be
interpreted as Ty increases with the increasing glycosidic linkage density.

There was an upshift of OH-stretching band position with the decrease of SC/MD
(Figure 3.8). Given in Figure 3.9 are the plots of OH-stretching band positions at 80% peak
height against SC/MD. There was a clear positive correlation between OH-stretching band
position and the concentration of maltodextrin. The shift of OH-stretching band position
would be due to the alteration in the degree of hydrogen bonding. It was reported that the
degree of hydrogen bonding formation decreased as the degree of polymerization increased
up to 4 (Imamura et al., 2006). Wolkers and coworkers also reported the upshift of OH-
stretching band position with Ty value of sugar glasses, which implies that the average length
of the hydrogen bonds increases with increasing Tg (Wolkers et al., 2004b).

The finding suggests that the bioglass model system with higher concentration of
maltodextrin forms a less dense amorphous structure, but with the higher Ty, as compared to
the system with lower maltodextrin concentration. The higher Ty would be an attribute of the
higher number density of glycosidic linkages, which restrict the pyranose ring segments more

firmly than the hydrogen bonds.
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Figure 3.6 Representative ATR-FTIR absorption spectra in the fingerprint region of the

bioglass systems without Na citrate equilibrated in the atmosphere of P,Os. Spectra were

normalized to OH-stretching region (3500-3000 cm™).
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Figure 3.7 Representative ATR-FTIR absorption spectra in the fingerprint region of the
bioglass systems without Na citrate, equilibrated in the atmosphere of saturated LiCl

solution. Spectra were normalized to OH-stretching region (3500 — 3000 cm™).



216

Sucrose:Maltodextrin = 7:3
Sucrose:Maltodextrin = 5:5
------- Sucrose:Maltodextrin = 3:7
()
(@]
C
]
2
o
[72]
o
<
3600 3500 3400 3300 3200 3100 3000

Wavenumber (cm™)

Figure 3.8 Representative ATR-FTIR absorption spectra (normalized) of the bioglass

systems with different SC/MD in the region of OH-stretching vibration.
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Figure 3.9 Band positions of OH-stretching vibration the bioglass model systems with

different SC/MD. Data are means of two replicates and the error bars reflect standard

deviations.
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3.4.3 Effects of moisture on the characteristics of ATR-FTIR absorption spectra

Experimental data of moisture content for the bioglass model systems can be found in
Chapter 2 (Tables 2.5 and 2.6). For the systems without Na citrate, the average moisture
content of those equilibrated in P,Os atmosphere and over saturated LiCl solution were
0.3240.03 and 3.39+0.61 %wb, respectively.

FTIR spectroscopy is effective in elucidating the hydration and plasticization effects
of water molecules on the conformational changes of oligosaccharides. Kacurdkova and
Mathlouthi, suggested that absorption spectra in the fingerprint region largely arises from the
symmetrical deformation of CH, groups and the CO-stretching vibrations, and so it could
provide rich structural information (Kacurdkova and Mathlouthi, 1996).

However, within the range of moisture content in this experiment, there was no
detectable effect of moisture content levels on the characteristic of IR absorption spectra in
the fingerprint region (Figure 3.10). The range of moisture content in this experiment might
be too low to observe any conformational change as a result hydration. The most noticeable
difference between the spectra of systems with different levels of moisture content was the
appearance of a weak band centered around 1640 cm™ in the spectra obtained from the
system with high-level moisture; this band is associated with the OH-bending vibrational
mode. Though with low intensity, this band clearly indicated the presence of water in the
systems since hydroxyl groups in carbohydrate do not contribute to this band (Lerbret et al.,
2005; Gallina et al., 2006; Malsam and Aksan, 2009).

The effect of moisture was also found in the region of OH-stretching band where the
downshift of wavenumber was observed, as shown in the inset in Figure 3.10. It is interesting

that the downshift of OH-stretching band usually implies the stronger hydrogen bonding.
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However, water would plasticize the amorphous saccharides, not strengthen. The DSC
measurements also showed a decrease in Ty values as moisture increased. The possible
reason for the downshift of OH-stretching band might be that water molecules appearing in
the system were all in the ordered hydrogen-bonded structures. As discussed in section
3.4.1.1, the band position of the ordered hydrogen-bonded structures should be at
wavenumbers slightly lower than 3300 cm™. However, the band position of OH-stretching
vibration arises from saccharides is generally around 3300 cm™ or higher. Consequently, the
presence of water in a system would result in the downshift of wavenumber. The effect of
moisture on the band position of OH-stretching vibration in the bioglass systems can be seen
in Figure 3.9. Regardless of the SC/MD, it was clear that moisture caused the downshift of
the OH-stretching band position in every system. The system with SC/MD of 3:7 was the
most affected by moisture; the OH-stretching band position shifted down by approximately
13 cm™. The downshift of this band for the systems with SC/MD of 7:3 and 5:5 was quite

similar in magnitude, approximately 7.6 cm™.
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Figure 3.10 Representative ATR-FTIR absorption spectra (normalized) of the bioglass

systems with high- and low-level of moisture content. The inset shows spectra in the region

of OH-stretching vibration.
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3.4.4 Evidences for the interaction between saccharides and Na citrate

There was no detectable effect of Na citrate on the absorption spectra in the region
below 1200 cm™. However, in the region of approximately 1650 — 1300 cm™, there are
antisymmetric (1,(COO )) and symmetric (15(COO )) stretching vibrations of carboxyl
group of Na citrate centered at around 1583 and 1375 cm™, respectively (Figures 3.11 and
3.12). While the band position of 1,5(COO ) stretching vibration was independent of
SC/MD, its intensity decreased with increasing SC/MD. For the systems with high-level
moisture content (Figure 3.12), this band partly overlapped with the OH-bending band which
arises from water as illustrated in Figure 3.10. The 1(COO ) band completely overlapped
with the absorption bands of saccharides rendering it difficult to precisely locate the band
position. It appears that the intensity of this band slightly decreased with decreasing
SC/MD—just as for the case of v,5(COO ), but to a smaller extent.

Absorption spectra of the systems with different SC/MD were normalized to the
range of 1500 — 1200 cm™ and plotted along with that of Na citrate (Figure 3.13). As far as
the shift in position is concerned, the 15,(COO ) band clearly showed the downshift from
around 1381 to 1367 cm™ when SC/MD decreased from 7:3 to 3:7. It could be also seen that
the 1,(COO ) band position of the system with SC/MD of 7:3, or with lowest level of
maltodextrin, was close to that of carboxyl group in Na citrate which was around 1385 cm™.

The inclusion of Na citrate in sucrose glass has reportedly helped strengthen
hydrogen bonding and consequently increase the Tg. The interaction of Na citrate and sucrose
was evidenced by an upshift (a few cm™) of 1,(COO™) band position, while no change in

1,(COO ) band position was detected (Kets et al., 2004). In this study, we further
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investigated the band position of 1,(COO ) obtained from the bioglass model systems as
compared to that from Na citrate. The comparisons of normalized absorption spectra are
given in Appendix 3.3. We found an upshift of v,5(COO ) band for approximately 4 and 2
cm™ for the systems with Na citrate/sucrose ratio (NaCit/SC) of 0.1 and 0.2, respectively,
regardless of SC/MD and level of moisture content.

The findings suggest that the interactions between Na citrate and saccharides exist in
the bioglass model system. It appears that citrate interacts with both sucrose and maltodextrin
via carboxylic groups. The interaction of citrate and maltodextrin was evidenced by the
continuing downshift of 1,(COO ) band position with increasing maltodextrin concentration;

this change was not found in amorphous sucrose system (Kets et al., 2004).
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Figure 3.11 Representative ATR-FTIR absorption spectra in the fingerprint region of the
bioglass model systems with NaCit/SC = 0.2 (by mole) equilibrated in the atmosphere of

P,0s. Spectra were normalized to the OH-stretching region (3500 — 3000 cm™).
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Figure 3.12 Representative ATR-FTIR absorption spectra in the fingerprint region of the
bioglass model systems with NaCit/SC = 0.2 (by mole) equilibrated in the atmosphere of

saturated LiCl solution. Spectra were normalized to OH-stretching region (3500 — 3000 cm™)
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Figure 3.13 Representative ATR-FTIR absorption spectra of Na citrate and the bioglass

model systems with NaCit/SC = 0.2 (by mole) equilibrated in the atmosphere of P,Os.

Spectra were normalized to the region of 1500 — 1200 cm™.
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3.4.5 Effects of Na citrate on characteristics of ATR-FTIR absorption spectra

Figures 3.14 — 3.19 show the representative ATR-FTIR absorption spectra of bioglass
model systems without and with Na citrate at two different levels. The spectra clearly reveal
the effects of Na citrate. The most noticeable change on the absorption spectra upon the
addition of Na citrate was the increase in intensity of the 1,(COO ) and »(COO ) bands.
Another observable change was the broadening of OH-stretching band, which reflects the
alteration of hydrogen bonding network in the glass matrix. The higher the concentration of
Na citrate, the more the broadening of OH-stretching band. The broad OH-stretching band
could be interpreted as the more variations in the hydrogen bonding features—length and
orientation (Wolkers et al., 2004b). A bit more details of this change is also given in the inset
in each figure. It is noticeable that the band was broadened in a way that the band position
shifted down indicating the weakening of OH bond since hydrogen bonding network in the

glass matrix got stronger.
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Figure 3.14 Representative normalized ATR-FTIR absorption spectra of the bioglass model

systems with SC/MD = 7:3 (by mass) equilibrated in P,Os atmosphere. The inset gives more

detail on OH-stretching band.
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Figure 3.15 Representative normalized ATR-FTIR absorption spectra of the bioglass model
systems with SC/MD = 7:3 (by mass) equilibrated in the atmosphere of saturated LiCl

solution (high-level moisture content). The inset gives more detail on OH-stretching band.
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Figure 3.16 Representative normalized ATR-FTIR absorption spectra of the bioglass model

systems with SC/MD = 5:5 (by mass) equilibrated in P,Os atmosphere. The inset gives more

detail on OH-stretching band.
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Figure 3.17 Representative normalized ATR-FTIR absorption spectra of the bioglass model
systems with SC/MD of 5:5 (by mass) equilibrated in the atmosphere of saturated LiCl

solution. The inset gives more detail on OH-stretching band.
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Figure 3.18 Representative normalized ATR-FTIR absorption spectra of the bioglass model

systems with SC/MD = 3:7 (by mass) equilibrated in P,Os atmosphere. The inset gives more

detail on OH-stretching band.
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Figure 3.19 Representative normalized ATR-FTIR absorption spectra of the bioglass systems

with SC/MD = 3:7 (by mass) equilibrated in the atmosphere of saturated LiCl solution. The

inset gives more detail on OH-stretching band.
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3.4.6 OH-stretching vibration

Hydrogen bonding between hydroxyl groups of sugar molecules are responsible to
hold amorphous sugar matrices (Imamura et al., 2006). Information about hydrogen bonding
could be inferred from the analysis of OH-stretching absorption band in FTIR spectra. Here,

we consider two key features of OH-stretching band: band position and band width.

3.4.6.1 OH-stretching band position

Figures 3.20 and 3.21 show the effect of Na citrate on OH-stretching band position
for the systems with low- and high-level of moisture content, respectively. In every system,
regardless of SC/MD and moisture content levels, Na citrate resulted in a downshift of OH-
stretching band position. Within a range of Na citrate concentration in this experiment, there
was a positive correlation between the magnitude of the downshift and the concentration of
Na citrate. On average, the OH-stretching band for the systems with NaCit/SC of 0.2
exhibited a larger downshift than that for the systems with NaCit/SC of 0.1 by approximately
9 and 5 cm™ at low and high level of moisture content, respectively. It was also found that
the effect of Na citrate is dependent on SC/MD and this held true regardless of moisture
content level. The largest downshift of the OH-stretching band was found in the system with
the highest sucrose content (SC/MD = 7:3) while the downshift was minimal in the system
with the lowest sucrose content (SC/MD = 3:7).

The findings suggest that Na citrate interaction could help strengthen the hydrogen-
bonded network in the matrix of amorphous sucrose-maltodextrin-Na citrate mixture, as
manifested by the downshift of OH-stretching vibration wavenumber or frequency. Although

Na citrate caused the downshift of OH-stretching band position in every system, but
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apparently the system with the highest sucrose content was affected the most indicating
greater interaction between Na citrate and sucrose than between Na citrate and maltodextrin.
The less interaction between Na citrate and maltodextrin is likely due to spatial restrictions as
maltodextrin molecules are bulkier than sucrose molecules. Similar behavior was reported in
the literature on several sugar glasses. The hydrogen bonding interaction of macromolecules,
the 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) vesicles, with small-molecule
sugars including glucose, sucrose, and trehalose could be clearly observed from the
downshift of OH-stretching band. On the other hand, this was not the case for dextran—the

bulkier saccharides—and the POPC vesicles (Wolkers et al., 2004b).
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Figure 3.20 Effect of Na citrate on OH-stretching band position for samples with different
SC/MD equilibrated in P,Os atmosphere. Data are means of two replicates and the error bars

reflect standard deviations.
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Figure 3.21 Effect of Na citrate on OH-stretching band position for samples with different
SC/MD equilibrated in the atmosphere of saturated LiCl solution. Data are means of two

replicates and the error bars reflect standard deviations.
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3.4.6.2 The width of OH-stretching band

Other than the strength or length of hydrogen bond, the characteristics of OH-
stretching absorption band could also provide information about the distribution of lengths
and orientations of hydrogen bonding (Lutz and Vandermaas, 1994; Wolkers et al., 2004b).
A narrow OH-stretching absorption band implies less distribution, while more distribution
would be manifested by broadening of the band.

In this experiment the width of OH-stretching absorption band at 80% peak height
was considered. The results are shown in Figures 3.22 and 3.23 for the bioglass model
systems with low and high levels of moisture content, respectively. Without Na citrate, the
widths of OH-stretching band in systems with different SC/MD were not much different in
general. However, the systems with high-level moisture content exhibited a broader
absorption band of approximately 220 cm™ on average, as compared to 214 cm™ seen in the
systems with low-level moisture content, suggesting that water molecules contribute to larger
distribution of hydrogen bonding features—lengths and orientations.

Regardless of moisture content levels within the range of this study, the introduction
of Na citrate to sucrose-maltodextrin mixture resulted in the broadening of OH-stretching
band in every system. The degree of band broadening correlated with both the concentrations
of Na citrate and sucrose. The broadest OH-stretching band was found in the system with
SC/MD of 7:3 while this band in the system with SC/MD of 3:7 showed minimal impact
upon the addition of Na citrate. This could be interpreted as the interaction of Na citrate and
bioglass model systems resulted in the wider spectrum of hydrogen bonding features. The

result also suggests that Na citrate mainly interacted with sucrose.
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An interesting observation could be made in the system with SC/MD of 7:3. Without

Na citrate, the width of OH-stretching band in this system with high-level moisture content
was larger than that of the system with low-level moisture content, 218.4 cm™ compared to
212.6 cm™. However, the system with NaCit/SC of 0.2 at low-level moisture content
exhibited a broader band, 240.2 cm™ compared to 238.15 cm™. This is an important evidence
to support that Na citrate could effectively interact with sucrose through hydrogen bonding in
low moisture environment. The similar finding has been also reported by Kets and
coworkers. They found that when residual water was 3.5% or higher, the presence of citrate
reduced the Ty of sucrose-citrate mixture. However, removal of residual water lower than 3.5
% enabled the interaction between sucrose and citrate through hydrogen bonding leading to a
firm glassy matrix, and consequently the Ty which exceeded individual Ty of pure sucrose

and citrate was obtained (Kets et al., 2004).
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Figure 3.22 Effect of Na citrate on the width of OH-stretching band for samples with
different SC/MD equilibrated in P,Os atmosphere. Data are means of two replicates and the

error bars reflect standard deviations.
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Figure 3.23 Effect of Na citrate on the width of OH-stretching band of the samples with
different SC/MD equilibrated in the atmosphere of saturated LiCl solution. Data are means of

two replicates and the error bars reflect standard deviations.
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3.5 Conclusions

The composition of bioglass model system exhibited significant effects on its
characteristic and molecular structure. The system with lower SC/MD showed the OH-
stretching absorption band at higher wavenumber, in other words weaker hydrogen bonding.
This observation suggests that molecular structure of the bioglass with high maltodextrin
concentration, or low sucrose concentration is loosely packed. However, as can be seen in
Chapter 2, the Ty of the system with lower SC/MD is greater than that of the system with
higher SC/MD. Due to the fact that sucrose and maltodextrin molecules contain different
types and number density of glycosidic linkages, the result would suggest that Ty is strongly
under the influence of types and number density of glycosidic linkages, rather than the
compactness of the glass structure.

Within the range of moisture contents studied (0.27 — 4.4 %wb), FTIR did not detect
any plasticization effect of water on the bioglass. The only noticeable effect of water was to
shift down the average wavenumber of OH-stretching band. This change might be because of
water molecules were in the ordered hydrogen-bonded structure which exhibits the OH-
stretching vibration at lower frequency/wavenumber than that of saccharides. As a result, the
mean absorption frequency of OH-stretching vibration of the system with higher moisture
content was lower than that of the system with lower moisture content.

Na citrate interacted with both sucrose and maltodextrin through carboxylic groups as
evidenced by the shifting of v,5(COO ) and »(COO ) bands. The addition of Na citrate

resulted in a broader and lower frequency of OH-stretching absorption band. The broadening
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of the band suggests more varied hydrogen-bonding features—Ilengths and orientations while
the downshift indicated the stronger hydrogen bonding. Na citrate tended to interact more
with sucrose rather than with maltodextrin. The strongest hydrogen-bonded network was

observed in the system with highest concentration of sucrose (SC/MD = 7:3) and Na citrate

(NaCit/SC = 0.2).
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APPENDIX 3
Appendix 3.1 ATR-FTIR spectra of amorphous bioglass samples obtained in the mid

infrared range
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Figure A3.1.1 Absorption spectra of Treatment 1 (SC/MD = 7:3 (by mass), no Na citrate,

equilibrated in P,Os atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.2 Absorption spectra of Treatment 3 (SC/MD = 5:5 (by mass), no Na citrate,

equilibrated in P,Os atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.3 Absorption spectra of Treatment 5 (SC/MD = 3:7 (by mass), no Na citrate,

equilibrated in P,Os atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.4 Absorption spectra of Treatment 7 (SC/MD = 7:3 (by mass), NaCit/SC = 0.1

(by mole), equilibrated in P,Os atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.5 Absorption spectra of Treatment 9 (SC/MD = 5:5 (by mass), NaCit/SC = 0.1

(by mole), equilibrated in P,Os atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.6 Absorption spectra of Treatment 11 (SC/MD = 3.7 (by mass), NaCit/SC = 0.1

(by mole), equilibrated in P,Os atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.7 Absorption spectra of Treatment 13 (SC/MD = 7:3 (by mass), NaCit/SC = 0.2

(by mole), equilibrated in P,Os atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.8 Absorption spectra of Treatment 15 (SC/MD = 5:5 (by mass), NaCit/SC = 0.2

(by mole), equilibrated in P,Os atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.9 Absorption spectra of Treatment 17 (SC/MD = 3.7 (by mass), NaCit/SC = 0.2

(by mole), equilibrated in P,Os atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.10 Absorption spectra of Treatment 2 (SC/MD = 7:3 (by mass), no Na citrate,

equilibrated in saturated LiCl solution atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.11 Absorption spectra of Treatment 4 (SC/MD = 5:5 (by mass), no Na citrate,

equilibrated in saturated LiCl solution atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.12 Absorption spectra of Treatment 6 (SC/MD = 3:7 (by mass), no Na citrate,

equilibrated in saturated LiCl solution atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.13 Absorption spectra of Treatment 8 (SC/MD = 7:3 (by mass), NaCit/SC = 0.1

(by mole), equilibrated in saturated LiCl solution atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.14 Absorption spectra of Treatment 10 (SC/MD = 5:5 (by mass), NaCit/SC =

0.1 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.15 Absorption spectra of Treatment 12 (SC/MD = 3:7 (by mass), NaCit/SC =

0.1 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.16 Absorption spectra of Treatment 14 (SC/MD = 7:3 (by mass), NaCit/SC =

0.2 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.17 Absorption spectra of Treatment 16 (SC/MD = 5:5 (by mass), NaCit/SC =

0.2 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1 (a) and 2 (b).
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Figure A3.1.18 Absorption spectra of Treatment 18 (SC/MD = 3:7 (by mass), NaCit/SC =

0.2 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1 (a) and 2 (b).
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Appendix 3.2 Representative ATR-FTIR absorption spectra in the region of
antisymmetric (vas(COQ )) stretching bands of crystalline trisodium citrate dihydrate
as compared to those of amorphous bioglass samples. Spectra were normalized to the

region of 1640 — 1540 cm™.
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Figure A3.2.1 Absorption spectra of Na-citrate and Treatment 7 (SC/MD = 7:3 (by mass),

NaCit/SC = 0.1 (by mole), equilibrated in P,Os atmosphere), replication 1 (left) and 2 (right).
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Figure A3.2.2 Absorption spectra of Na-citrate and Treatment 9 (SC/MD = 5:5 (by mass),

NaCit/SC = 0.1 (by mole), equilibrated in P,Os atmosphere), replication 1 (left) and 2 (right).
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Figure A3.2.3 Absorption spectra of Na-citrate and Treatment 11 (SC/MD = 3:7 (by mass),

NaCit/SC = 0.1 (by mole), equilibrated in P,Os atmosphere), replication 1 (left) and 2 (right).
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Figure A3.2.4 Absorption spectra of Na-citrate and Treatment 13 (SC/MD = 7:3 (by mass),

NaCit/SC = 0.2 (by mole), equilibrated in P,Os atmosphere), replication 1 (left) and 2 (right).
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Figure A3.2.5 Absorption spectra of Na-citrate and Treatment 15 (SC/MD = 5:5 (by mass),

NaCit/SC = 0.2 (by mole), equilibrated in P,Os atmosphere), replication 1 (left) and 2 (right).
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Figure A3.2.6 Absorption spectra of Na-citrate and Treatment 17 (SC/MD = 3:7 (by mass),

NaCit/SC = 0.2 (by mole), equilibrated in P,Os atmosphere), replication 1 (left) and 2 (right).
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Figure A3.2.7 Absorption spectra of Na-citrate and Treatment 8 (SC/MD = 7:3 (by mass),

NaCit/SC = 0.1 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1

(left) and 2 (right).



271

——— NaCitrate —— NacCitrate
—— Treatment 10 — Treatment 10
: 5
o] S
[%2] [%2]
g <
1640 1620 1600 1580 1560 1540 1640 1620 1600 1580 1560 1540
Wavenumber (cm?) Wavenumber (cnmt)

Figure A3.2.8 Absorption spectra of Na-citrate and Treatment 10 (SC/MD = 5:5 (by mass),

NaCit/SC = 0.1 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1

(left) and 2 (right).
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Figure A3.2.9 Absorption spectra of Na-citrate and Treatment 12 (SC/MD = 3:7 (by mass),

NaCit/SC = 0.1 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1

(left) and 2 (right).
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Figure A3.2.10 Absorption spectra of Na-citrate and Treatment 14 (SC/MD = 7:3 (by mass),

NaCit/SC = 0.2 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1

(left) and 2 (right).
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Figure A3.2.11 Absorption spectra of Na-citrate and Treatment 16 (SC/MD = 5:5 (by mass),

NaCit/SC = 0.2 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1

(left) and 2 (right).
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Figure A3.2.12 Absorption spectra of Na-citrate and Treatment 18 (SC/MD = 3:7 (by mass),

NaCit/SC = 0.2 (by mole), equilibrated in saturated LiCl solution atmosphere), replication 1

(left) and 2 (right).
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CHAPTER 4

RHEOLOGICAL AND MORPHOLOGICAL EVALUATIONS OF

AMORPHOUS SUCROSE-MALTODEXTRIN-Na CITRATE MIXTURE

4.1 Abstract

Rheological properties and the mechanical relaxation behavior of rubbery amorphous
sucrose-maltodextrin-Na citrate system were studied at room temperature using the small
amplitude oscillatory shear (SAOS) test in the frequency range of 0.1 — 150 Hz. The system
with high sucrose concentration exhibited viscous-dominant relaxation, while the system
with high maltodextrin concentration exhibited elastic-dominant relaxation. The addition of
Na citrate could retard molecular mobility presumably due to molecular interaction between
Na citrate and sucrose rather than maltodextrin. The technique was capable to detect changes
in molecular process even with a small variation in the matrix components. Evidences
obtained with the scanning electron microscopy (SEM) imaging suggested the possible effect
of Na citrate to interfere with molecular interactions in the system with high maltodextrin

concentration; the system tended to be more brittle.



277

4.2 Introduction

The state of amorphous is thermodynamically nonequilibrium; molecular mobility
becomes very important characteristic of amorphous materials. Molecular mobility has
gained much of attention from food researchers since it is closely related to the
physiochemical stability of food materials. In fact, the term *“molecular mobility”
encompasses a number of molecular movements, for instance the translational and rotational
motions of molecules and the vibrational motions of side chains. Molecular mobility of
amorphous carbohydrates can be studied using different techniques as previously discussed
in Chapter 1. A common practice is to estimate the degree of molecular mobility from the
relaxation process of material. Dynamic mechanical spectroscopy is known for its sensitivity
to molecular relaxation process (Wetton, 1984). In polymer studies, the dynamic mechanical
testing has proven useful for characterizing molecular structure since the test could provide
information for both main chain and side group motions. Dynamic mechanical properties are
frequency dependent; they could be related to particular types of molecular motion in
polymers (Young and Lovell, 1991).

Microscopic structure is among important characteristics of food materials; it can be
characterized using a number of techniques. Optical microscopy and electron microscopy
have been very valuable tools for observing the physical state of components and
microscopic structure (Morris and Miles, 1994). The techniques are particularly useful for
observing microscopic changes that may occur in crystal size and crystallinity in foods
during storage (Roos, 1995). Electron microscopy includes several techniques namely
conventional transmission electron microscopy (CTEM), high resolution electron microscopy

(HREM), and scanning electron microscopy (SEM) (Hermansson and Langton, 1994).
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Among these, SEM has been commonly employed for characterizing the physical state and
surface morphology of food materials and microstructure of polymers (Roos, 1995). For
example, SEM has been used for examining spray-dried powder morphology (Alexander and
King, 1985) and structural changes in other low-moisture amorphous foods (Gejl-Hansen and
Flink, 1977).

This study was aimed at elucidating the effects of sucrose, maltodextrin, and Na
citrate on the rheological behavior and morphological characteristics of the amorphous
sucrose-maltodextrin-Na citrate system. The mixtures in the state of rubbery amorphous were
characterized using SAOS test. SEM was used to obtain information on the morphology of

the mixture in glassy state.

4.3 Materials and Methods

4.3.1 Materials

Details of materials are given in Chapter 2, section 2.3.1.

4.3.2 Experimental design

All samples used for SEM were from the set prepared for DSC measurements; so the
experimental design is same as that in Chapter 2. For rheological measurements, the
experimental design was also similar to that given in Chapter 2, section 2.3.2, except that
there were only two factors in this part, i.e., sucrose/maltodextrin mass ratio (SC/MD) and
Na citrate/sucrose mole ratio (NaCit/SC). The levels of each factor were also similar to that

in Table 2.1.
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4.3.3 Sample preparation for rheological measurements

Initially, the molten mixtures were prepared by heat evaporation similar to those in
Chapter 2, section 2.3.3. After reaching the pre-determined moisture contents, they were
molded into a 5-mm diameter cylindrical shape. The molding was done by injecting the
molten mixture into a Teflon mold whose inner surface was coated with paraffin oil to
prevent sticking. After removing from the mold, each sample was promptly transferred into
small glass tubes, which were then vacuum-sealed in FoodSaver® plastic bags and stored in a
desiccator. Treatments were prepared in duplicate.

Prior to rheological measurements, the FoodSaver® bags containing glass tubes with
bioglass samples were transfer from the desiccator into a glove box flushed with Nitrogen
gas which could bring down the relative humidity inside the glove box to approximately 5%.
Samples were removed from the package and cut into about 7.56+0.11 mm long cylindrical

specimens. The rest of samples were re-packed for moisture determination.

4.3.4 Moisture determination

Moisture content of samples was determined using the Karl Fisher titration technique

as described in Chapter 2, section 2.3.4.

4.3.5 Rheological measurements

SAOS tests were conducted using the dynamic controlled stress rheometer (Bohlin C-
VOR, Malvern Inc., Southhampton, MA) connected to a personal computer with Bohlin 6.40
software package. The measurements were performed using a 20-mm parallel-plate geometry

(PP20) with slightly different gap heights according to the height of individual bioglass
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specimen. Cyanoacrylate adhesive was applied to affix specimens to the parallel plates. A
specially designed moisture solvent trap was used around the specimen and parallel plates to
minimize moisture absorption. In addition, paraffin oil was applied on all of the contacts
between the two halves of the trap, and between the trap and the bottom parallel plate
Specimens were allowed to stand for approximately 15 min before starting for the adhesive
to dry; the specimens were indeed stuck to the plates as observed while removing them. The
tests were conducted isothermally at 25 °C in the frequency range of 0.01 — 150 Hz with the
shear strain of 0.002%. Experimental data in rheological format were exported to MS Excel,

corrected with the specimen geometry, and reported.

4.3.6 SEM measurements

4.3.6.1 Sample coating

Small amount of ground sample from each treatment was applied just enough to
cover the surface of a 12-mm carbon adhesive tab glued on an aluminum mount. The
aluminum mounts loaded with samples were transferred to a sputter-coater chamber. The
chamber was flushed with argon gas for 5 cycles prior to subsequent coating with gold-
palladium at 30 mA for 3 min. This procedure yields a coating thickness of approximately 30

nm. Coated samples were then immediately transferred into a desiccator for imaging.

4.3.6.2 SEM Imaging

Morphological study of glass samples were carried out using the Hitachi S-570

scanning electron microscope (SEM) at the Biological & Biomaterials Preparation, Imaging,
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and Characterization(BBPIC) facility, Department of Animal Science, UW-Madison. The
Hitachi S-570 SEM employs a crystal of Lanthanum Hexaboride (LaBg) as an electron
emitter allowing the utilization of low acceleration voltages, which helps prevent possible
damage to samples as well as reduces charging artifacts, and provides considerable high
resolution image. The instrument is robust and capable of imaging a wide range of biological
samples. It delivers a magnification of about 10X to over 500,000x with great depth of field
and resolution of a few nanometers to a few Angstroms.

Four aluminum mounts bearing coated samples were loaded into the SEM chamber at
a time. Acceleration voltage was set to 10 kV. Focusing was fine-tuned at a magnification at
least twice the actual image capturing magnification. From preliminary image capturing, we
found that 1000x magnification provided much of topography with good depth of field and

hence this level of magnification was applied throughout the entire experiments.

4.3.7 Statistical analysis

Moisture content of bioglass samples were statistically analyzed using the IBM SPSS
Statistics 19 computer package. The analysis of variance (ANOVA F-test) was carried out
with the general linear model (GLM). Tukey’s range test was applied for simultaneous
multiple comparisons. This comparison technique was chosen as it does control the
experimentalwise error rate at the selected significance level (o) (Montgomery, 2005). All

statistical analyses were conducted at o = 0.05.



282

4.4 Results and Discussion

4.4.1 Moisture content

Moisture content of the samples used in rheological measurements ranged from 8.47
to 11.97 %wb which is comparable to the level found in cereal products stored at ambient
temperature (Windham et al., 1997). These levels of moisture could substantially suppress
the T, of samples to be lower than room temperature, or the samples were in the state of
rubbery amorphous. Graphical representation moisture content for the samples formulated
with different recipes is given in Figure 4.1. It could be seen that moisture tended to in
increase with the increasing concentration of maltodextrin. At the given SC/MD ratio,
moisture content seemed to increase with the Na citrate concentration. Moisture content
significantly increased with the increasing NaCit/SC or with the decreasing SC/MD.
ANOVA confirmed the significant effects of NaCit/SC and SC/MD ratios on such trend of
changes in moisture content (Appendix 4.1, Table A.4.1.2).

Direct interaction between Na" and water may be partly responsible for the elevated
moisture content in bioglass samples upon the addition of Na citrate. Large glucose polymers
with a broad spectrum of chain lengths and molecular weights in maltodextrin (McPherson
and Seib, 1997; Chronakis, 1998) might be responsible for high viscosity of the molten
mixture with high maltodextrin content. In turn, this high viscosity dictated the final moisture
content that could be attained via heat evaporation. In addition, the three-dimensional
network of glucose polymers in maltodextrin may contribute to a high degree of water
holding capacity. Water existing in maltodextrin matrix could be either in the form of free or

bound water. The polysaccharide-water interaction is significant under the influence of
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polysaccharide molecular structure—Ilinear or branched (Chronakis, 1998). However, water-
maltodextrin interaction is weak and only approximately 4.5% of water (by mass) could be
bound to maltodextrin molecules (Radosta et al., 1989; Radosta et al., 1989; Radosta and
Schierbaum, 1990). The weak interaction permits high mobility of bound water and fast
exchange with free water (Chronakis, 1998).

As there was no further adjustment on moisture content of the samples after quench
cooling, the result would provide some perspective about the moisture content of products in

practical situation for the similar processes, for instance, extrusion cooking.
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Figure 4.1 Moisture content of amorphous sucrose-maltodextrin-Na citrate systems having

different compositions. Number on each bar represents mean + standard deviation.
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4.4.2 Rheological characteristics

4.4.2.1 Dynamic mechanical spectra

The SAOS data for the rubbery amorphous of sucrose-maltodextrin-Na citrate system
(elastic modulus (G'), viscous modulus (G”) and loss tangent (tan 8)) as a function of
frequency (f) in the range of 0.1 — 100 Hz at 25 °C are given in Appendix 4.2: Figures A4.2.1
- A4.2.18.

For the systems with the highest sucrose concentration (SC/MD of 7:3) as shown in
Figures A4.2.1 — A4.2.6, it can be seen that in the range from low frequency limit (0.1 Hz) up
to the frequency slightly higher than 10 Hz, samples exhibited liquid-like behavior (i.e., G” >
G’), the so called viscous region. In this region the energy generated by molecular motions
dissipated as heat per cycle of sinusoidal deformation giving rise to the dominance of viscous
component (Kasapis and Sablani, 2005). The dominance of G” ceased at slightly different
frequencies, which were approximately 50, 20, and 15 Hz for the systems with NaCit/SC of
0, 0.1, and 0.2, respectively. The change of viscoelasticity for approximately two orders of
magnitude, from about 10 to 1000 MPa, was observed in the viscous region. At higher
frequencies, G’ started to exceed G” and tan 6 dropped to approximately one or lower; the
systems behaved solid-like. The addition of Na citrate resulted in the greater shear moduli for
the entire viscous region. The greatest moduli was observed in the system with the highest
Na citrate concentration, with G'>1000 MPa at 100 Hz. This observation suggests that the

modulation of molecular interaction by Na citrate results in a stronger amorphous matrix.
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Mechanical spectra for the SC/MD = 5:5 system without Na citrate (Figures A4.2.7
and A4.2.8) show comparable magnitudes of G’ and G” in the frequency range of 0.1 — 3 Hz
before G’ began to take over afterwards. Once Na citrate was introduced to the systems, G”
became dominant up to approximately 3 Hz, i.e., the systems exhibited liquid-like behavior.
A close examination reveals a slightly noticeable of G” dominance in the system with higher
Na citrate content (see also Figures A4.2.9 — A4.2.12). In other words, molecular motions
developed a viscous rather than elastic character when Na citrate was added probably due to
the plasticization effect of Na citrate on maltodextrin. However the effect of Na citrate on the
magnitude of shear moduli or rigidity of the system was not clear.

For the systems with high maltodextrin concentration (SC/MD = 3:7; Figures A4.2.13
— A4.2.18), a solid-like behavior was observed over the entire range of applied frequencies.
Apparently, the addition of Na citrate resulted in the decrease of rigidity; the higher the Na
citrate concentration, the lower the shear moduli. This could be due to the interference of Na
citrate with the hydrogen bonds in the amorphous matrix with high maltodextrin
concentration.

The rigidity of the amorphous systems increased with the increasing concentration of
large glass-forming molecules—maltodextrin, in this case. The matrices of amorphous
saccharides are primarily hold up by hydrogen bonds and glycosidic linkages. The later was
found experimentally that it could restrict the movement of pyranose rings more strongly
than hydrogen bonds (Imamura et al., 2006). Since for the same number of pyranose rings
maltodextrin possesses higher number glycosidic linkages than sucrose, this would explain

the increase in the rigidity of systems when the maltodextrin concentration was increased.
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4.4.2.2 Mechanical relaxation process

To provide a broader view for examining the mechanical relaxation process, tan &
values were plotted against angular frequency () in a range of 0.01 to 1000 rad/s (Figures
4.2 — 4.10). Though mechanical relaxation process commonly extends over many decades of
frequency, it could be seen that the majority of mechanical relaxation process of the samples
were captured in the frequency range of this experiment.

The systems with highest sucrose concentration (SC/MD = 7:3; Figures 4.2 — 4.4)
showed the strongest relaxation process with the maximum tan & or the loss peak height of
approximately 1.7 — 2.2. It should be noted that G’ is dominant when tan & is less than unity;
if this value is greater than unity, G” becomes dominant. From the plots it would be readily
seen that the relaxation process is dominated by viscous component. The viscoelastic
behavior in this region would be governed by the motions of small molecules—sucrose, and
the configurational vibrations of segments (Ngai and Plazek, 1995; Kasapis and Sablani,
2005) of maltodextrin molecules. These motions would generate energy, which is dissipated
during the sinusoidal deformation resulting in the dominantce of viscous component of
relaxation process in the system with high sucrose concentration. The addition of Na citrate
resulted in both the increase of loss peak height and the downshift of loss peak frequency (fp).
The loss peak heights of approximately 1.7, 2 and 2.2, and the f, values of around 15, 5 and 3
rad/s, were observed in the systems with NaCit/SC of 0, 0.1 and 0.2, respectively. The most
interesting change is the downshift of f,, which suggests limited matrix mobility upon adding
Na citrate; the higher the Na citrate concentration, the lower the molecular mobility within

the matrix. The result agrees with the observations of enthalpy relaxation behavior (Chapter
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2) and evidences from FTIR measurements (Chapter 3). Again, the reason for this change is
probably be due to molecular interaction between sucrose and Na citrate, which would result
in larger clusters with less mobility within the amorphous matrix.

Without Na citrate the relaxation process of the system with SC/MD of 5:5 was no
longer dominated by viscous component. As compared to the relaxation process of the
system with high sucrose concentration (SC/MD of 7:3), there was more contribution from
elastic component to viscoelastic behavior; elastic and viscous components were equally
significant. The motions involving bending and stretching of chemical bonds (Kasapis and
Sablani, 2005) primarily contributed by glycosidic linkages in maltodextrin molecules might
be responsible for the more significance of elastic component as maltodextrin concentration
was increased. Unlike in the system with high sucrose concentration, the increase in the loss
peak height and the downshift of f, were barely observed when Na citrate was added. The
relaxation process of the system without Na citrate (Figure 4.5) centered at around 3 rad/s,
and slightly shifted to approximately 2 rad/s when Na citrate was added. Apparently, no
significant difference in the downshift was observed between the systems with NaCit/SC of
0.1 and 0.2 (Figures 4.6 and 4.7). As a result, it would be legitimate to presume the high
tendency of molecular interaction between Na citrate and sucrose rather than maltodextrin.

The relaxation process in the system with the highest maltodextrin concentration
(SC/MD = 3:7; Figures 4.8 — 4.10) was dominated by elastic component (tan 5 < 1) probably
due to more contribution from stretching and bending of glycosidic linkages on maltodextrin
molecules prevailing in this system. A slight increase in loss peak height was observed when
Na citrate was added. Without a complete picture of the relaxation process, it was difficult to

determine whether there was any change in f, between the systems without Na citrate (Figure
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4.8) and with NaCit/SC of 0.1 (Figure 4.9). It is interesting that in the system with NaCit/SC
= 0.2, the relaxation peak shifted to higher frequency, approximately almost an order of
magnitude as compared to the system without Na citrate indicating the higher mobility. This
seemed to contradict the effect Na citrate in other systems. However, from Figure 4.1, when
considering among the systems with high maltodextrin concentration, it could be seen that
moisture content of the system with NaCit/SC = 0.2 was significantly higher than the rest;
approximately 12 %wb as compared to approximately 10.5 =11 %wb in other systems. Water
has a strong plasticization effect on amorphous carbohydrates (Champion et al., 2000; Noel
et al., 2000; Shinyashiki et al., 2008); a difference of moisture content of only 1% could
cause a significant difference in molecular mobility. A strong plasticization effect of water on
sucrose-maltodextrin system was also observed in the DSC data (Chapter 2); the calorimetric
glass transition temperature (Tgpsc), denoted as Tq, was substantially suppressed by the
increase of moisture by few percentage points. Two possible mechanisms have been
proposed for plasticization of amorphous carbohydrate systems by water: 1) dynamically
disrupt hydrogen bonding between carbohydrates (and then may also occupy the available
sites (OH group), and 2) modulate the free volume in the system. These mechanisms increase
the rate of relaxation and mobility of small permeants (Kilburn et al., 2005).

The relaxation processes commonly observed in mechanical or dielectric
measurements exhibit different characteristics. The frelaxation takes place at a higher
frequency (or lower temperature) than co-relaxation. At the vicinity of glass transition, the
strength of a-relaxation is usually much higher than that of S-relaxation (Shinyashiki et al.,
2008). The a-relaxation is highly dependent on water content in that the process is shifted to

lower temperature (or higher frequency), with increasing moisture content, which is not the
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case for Srelaxation (Noel et al., 2000; Shinyashiki et al., 2008). It was also found that the
temperature shift of a-relaxation is of the same order as the depression of the Typsc as a
result of plasticization by water (Noel et al., 2000). In order to obtain glass transition
temperature with the value comparable to Ty psc, the dielectric or mechanical glass transition
temperature (Tg,,) is conventionally defined as the temperature at which the characteristic
time of a-relaxation process (z,) is 100 s. According to Equation 1.15, the frequency that is
equivalent to z,, would be 0.01 rad/s, giving ® = 2xf. In this study, the vibrational frequency
of relaxation process (at 25 °C) was found in the range of approximately 1 — 10 rad/s. If the
measurements had been carried out at temperatures lower than 25 °C, then the vibrational
frequency of relaxation process would eventually reach 0.01 rad/s at Ty ., by definition. This
expected Tgy, is much lower than the Ty psc obtained from sucrose-maltodextrin-Na citrate
system (see Chapter 2). However, this is not surprising since the moisture content was very
different, approximately 10 % in this experiment compared to only within 4 % in DSC
measurements. A moisture difference of just 1 % could give rise to a substantial difference in
Tg, for instance Ty psc of the system with SC/MD = 7:3 dropped from approximately 87 °C to
59 °C as the moisture contents was increased from around 0.3 % to 2.9 % (Table 2.5 and
2.6). A substantial Ty psc reduction of dry amorphous p-Glucose for 56 °C when moisture
content was increased to 10 % (w/w) was reported. The plasticization effect of water on
carbohydrate systems appeared to be stronger in the system with more complex structure
(Noel et al., 2000).

It might be difficult to relate mechanical relaxation with the primary relaxation (or

enthalpy relaxation) without information about the temperature dependence of these
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processes. However, in light of above discussion together with the fact that the relaxation
process found in this experiment was sensitive to changes in moisture content and showed a
loss peak with strong magnitude in the vicinity of the expected Ty, it is believed that this

relaxation process is the primary or « category.
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Figure 4.2 Frequency dependence of tan o for the system with SC/MD = 7:3 without Na

citrate. Data are means of two replicates and the error bars reflect standard deviations.



293

2.5

20 r

15

1.0 |t %ﬁ[

“,

tan §
Fe
I—Hfﬁ_‘

T,
E =
0.5 -
i
o]
0.0
0.01 0.1 1 10 100 1000

o (rad/s)

Figure 4.3 Frequency dependence of tan 6 for the system with SC/MD = 7:3 and NaCit/SC =

0.1. Data are means of two replicates and the error bars reflect standard deviations.



294

25

2.0

15 |

tan §

10

0s %

0.0

0.01 0.1 1 10 100 1000
o (rad/s)

Figure 4.4 Frequency dependence of tan & for the system with SC/MD = 7:3 and NaCit/SC =

0.2. Data are means of two replicates and the error bars reflect standard deviations.
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4.4.3 Morphological characteristics

SEM images of glass-forming components—sucrose and maltodextrin powder—are
given in Appendix 4.3. These images were expected to serve as references for the crystalline
and amorphous states, respectively. Sucrose powder was obtained by grinding crystalline
sucrose. Maltodextrin powder was imaged as received. Dry maltodextrin with DE value of
around 20 exists in amorphous form due to the polydispersity of dextrose polymer chains
inhibit crystallization (Fitzpatrick et al., 2010). The images of crystalline sucrose powder
(Figure A4.3.1) show large particles with sharp edges and numerous small particles due to
highly-brittle nature of sucrose crystal. In contrast, amorphous maltodextrin images (Figure
A4.3.2) show particles with round edges and smooth-looking surface.

Given in Appendix 4.4 are the SEM images of the bioglass samples. It was difficult to
determine the effect of matrix components from visual examination of the obtained images.
In general, samples with high moisture content appeared smoother compared to samples of
the same components at low moisture content. For the most part, the particles of samples
with high sucrose concentration are smaller than those of the samples with high maltodextrin
concentration suggesting brittle and ductile characters of the corresponding systems. Like
synthetic polymers, intermolecular interactions and entanglements might contribute to the
characteristic of maltodextrin. However, when Na citrate was added to the bioglass, there are
more small particles as compared to in the system without Na citrate indicating increased
brittleness. This could be due to the interference of Na citrate on intermolecular interaction of

maltodextrin.
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4.5 Conclusions

Using mechanical spectroscopy technique, it was possible to detect the changes in
rheological properties and molecular process even with small variation in the composition of
rubbery amorphous sucrose-maltodextrin-Na citrate system. Maltodextrin contributed to
elastic or solid-like characteristic. The elastic-dominant nature of the system with high
maltodextrin concentration suggests that molecular motions of maltodextrin primarily
involve stretching and bending of glycosidic linkages. The large number of strong glycosidic
linkages presenting in maltodextrin might be responsible for increasing the rigidity of the
system as they could restrict the movement of pyranose rings more strongly than the
hydrogen bonds (Imamura et al., 2006). In contrast, sucrose gave rise to viscous or liquid-like
characteristic which suggests that the molecular motions of sucrose mainly result in the
generation of heat which then dissipates during deformation. The addition of Na citrate to
sucrose-maltodextrin mixture could reduce molecular mobility of the system in the state of
rubbery amorphous. This finding suggests that Na citrate tended to interact more with
sucrose than with maltodextrin. The molecular interaction between Na citrate and sucrose
might result in the formation of large clusters which could hinder matrix mobility as
manifested in the mechanical relaxation process. The plasticization effect due to the slight
increase in moisture content was also observed from mechanical relaxation process.

It was difficult to determine the effects of individual components on the characteristic
of sucrose-maltodextrin-Na citrate mixture from examining the SEM images. However, the
appearance of smaller particle size in the system with high maltodextrin concentration
suggests the possible effect of Na citrate in interfering with molecular interactions of

maltodextrin.
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APPENDIX 4

Appendix 4.1 Statistical analysis for the moisture content

Nomenclature for factors:
NaCit/SC: Na citrate/sucrose mole ratio.
SC/MD: Sucrose/maltodextrin mass ratio.
MC: Moisture content (%wb) of glass samples.

Table A4.1.1 Factors and levels for the analysis of moisture content

Between-Subjects Factors

Value Label

NaCit/SC 0
0.1
0.2
SC/MD 73

5.5

W N P W N P
o o o o o o |2

3.7

Table A4.1.2 ANOVA table for the analysis of moisture content

Tests of Between-Subjects Effects
Dependent Variable:MC

Type Il Sum of

Source Squares df Mean Square F Sig.
Corrected Model 18.390° 8 2.299 113.767 .000
Intercept 1754.886 1 1754.886 86851.671 .000
NaCit/SC 4.200 2 2.100 103.939 .000
SC/MD 13.789 2 6.895 341.227 .000
NaCit/SC * SC/MD 400 4 .100 4.951 .022
Error .182 9 .020

Total 1773.458 18

Corrected Total 18.572 17

a. R Squared = .990 (Adjusted R Squared = .982)
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Table A4.1.3 Effects of factors on moisture content
A: Effect of Citrate_SC (Tukey HSD*")

MC: Subset
NaCit/SC N
1 2 3
0 6 9.3267
0.1 6 9.7933
0.2 6 10.5017

Means for groups in homogeneous subsets are displayed.
Based on observed means. The error term is Mean Square(Error) = .020.
a) Uses Harmonic Mean Sample Size = 6. b) Alpha =.05.

B: Effect of SC/MD (Tukey HSD*")

Subset
SC_MD N
1 2 3
73 6 8.9783
55 6 9.5817
3.7 6 11.0617

Means for groups in homogeneous subsets are displayed.
Based on observed means. The error term is Mean Square(Error) = .020.
a) Uses Harmonic Mean Sample Size = 6. b) Alpha = .05.

C: Interaction effect between SC/MD and NaCit/SC (Tukey HSDa’b)

SC_MD Citrate_SC N Subset
1 2 3
0 2 8.465
7:3 0.1 2 9.035
0.2 2 9.435
0 2 9.060
5:5 0.1 2 9.585
0.2 2 10.100
0 2 10.455
3.7 0.1 2 10.760
0.2 2 11.970

Means for groups in homogeneous subsets are displayed.
Based on observed means. The error term is Mean Square(Error) = .020.
a) Uses Harmonic Mean Sample Size = 2. b) Alpha =.05.
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Appendix 4.2 Rheological data obtained with the SAOS tests
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Figure A4.2.1. Dynamic moduli and tan & as a function of frequency for the bioglass with

SC/MD = 7:3, without Na citrate: Replicate 1.
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Figure A4.2.2. Dynamic shear moduli and tan & as a function of frequency for the bioglass

with SC/MD = 7:3, without Na citrate: Replicate 2.
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Figure A4.2.4. Dynamic shear moduli and tan & as a function of frequency for the bioglass
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Figure A4.2.5. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 7:3 and NaCit/SC = 0.2: Replicate 1.
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Figure A4.2.6. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 7:3 and NaCit/SC = 0.2: Replicate 2.



Modulus (MPa)

1000 [

100

10

313

1.4
9]
00000,
o
000 |
K RS 1.2
00°
o £00°0
o 000000 o © aa ogogf gt 290ag
° o <© a nunun og
0’0 o O o 0O
o 00 o o o o 1
° ° © <>°° 0go0 o ="
0 6 o °°o ooo ° ° o o °§§D° nnuun
- o o, ° oosogr_&ﬂ oo
I ° ° oo o ““:gn“ LD
o © °
L 000 © o © ° 1
o
Joc8e® . . 108
©0po” ° o o
° 1
0@ o “w
cog8” . c
gsuoguu ° S
O ° oo
08080“ ° oo o©° o
looY9o o i
° o % %uoe 0.6
° ° ° o
o oo
o %00
o
° 104
o
o
o
1 0.2
+ Elastic modulus
o Viscous modulus
o tan delta
0
0.1 1 10 100

Frequency (Hz)

Figure A4.2.7. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 5:5, without Na citrate: Replicate 1.



314

1000 1.4
9
° <><>°°°° i
° 0000000
o°° E
° 5090
o <>°<><>°°° oo “u““nuuuu7 12
-3 nn“nunuﬂ“ o o
00 o oo
6% 8 o
o ©° ° ° ° °<>|:|°0 a’og
° ° © . ° Og
° ° 4 oo o ° onoﬂ“u
o°°° °o°o° oouoﬂzuu °
° °° °o o ©° ° ° nononzou ° o ° ] l
° o ° ﬂoﬂo
100 | -, 3 °
- o Oeng o o o
3u°° o ° o ° oo © °°
038% o o
5 8 ° )
— g ° °
o] 5033 o o ¢ oo 1038
o 0950 ° °5 o ©°0©
2 08%® ° ° 2
oge e
3 |g3e o §
-§ ° o o
%o
= °© 5,0 4 0.6
o %00
o
°
o B
10 | %
% 0.4
. 1 0.2
+ Elastic modulus
o Viscous modulus
o tan delta
1 0
0.1 1 10 100

Frequency (Hz)

Figure A4.2.8. Dynamic shear moduli and tan & as a function of frequency for the bioglass

with SC/MD = 5:5, without Na citrate: Replicate 2.



315

1000 1.8
000 |
o
%oo° i
o ooo" o oo | 16
o oon%():u o%ae o e
%o ¢ i
° ° o °°3uou“
° o a Mgg o o : 14
o o ° ngofon 1 =
% o nﬂneﬁoo i
° °°° ° o ° Bnn33u° ° i
o oo° °o°° o o o ofga °<> ¢ %o R
100 | °°°° % ° o o oof 8 o oo o 1 1.2
Lo o® ° o g oooooo ° o R ° . :
| © “ﬂg“o° ° ° i
ooo o °
< uun ° °°<> ° ° ]
aQ o0 00 1
oo <o o o
= o 000 4
< o? o ° °o o e
(%3] oo °o°° o © o i c
5 goo o ° o0 o 1 I
> nur.\ 0000 o ° i
3 " 60° 0® 0% o o 0.8
s loo o<><>° ° o ° 1 Y
o o T
o © T
°°° ’
R |
10 ° 106
L °© o |
° m
0o
4 0.4
o Elastic modulus .
o Viscous modulus ] 0.2
o tan delta ]
1 0
0.1 1 10 100

Frequency (Hz)

Figure A4.2.9. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 5:5 and NaCit/SC = 0.1: Replicate 1.



316

1000 1.8
I s
X3
o<>° 4
o 0% |
o‘>o° £34 ]
o
° £00 a uunuuuuuuﬂuuu ag| 1.6
o ¢ i
%a8 gga oo
o [=1:]
o® g 8 o
3
o ©° ~08 b
2°edg® ° 1 1.4
o o e . i 1L
o ° g ugog"“o o
oo 4
o o o o B
0o o o° °e o “n uznoou °° 1
100 |00 0@ %, o g0 a T {12
I o ©° o a o ° ° i
° ° o0og8e ISIRE ° ° 1
° e ° o |
ﬂun 00 ° o o
< u“nuu 000° o ° : 1
o o 23
= nun 154¢ ° ° 1
= ul‘-\u oooo ° o ° °° o | %)
] o ©° o c
= uun oo ° 1 ]
> o 0000 o o ] +
S o
g 7000 o © o° ° 4 0.8
°© 00 © B
©000 o0 ]
o ° o o |
° |
o
10 | o, 406
- % |
o
9
1 04
+ Elastic modulus 1
o Viscous modulus o2
o tan delta 1
1 Ll L | 0
0.1 1 10 100

Frequency (Hz)

Figure A4.2.10. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 5:5 and NaCit/SC = 0.1: Replicate 2.



317

1000 r o%o? 1.8
o O°
000 °
000
ooo"" i
o < o
° 00000 ° o uuuuuunﬂ l:,‘:‘|:'|-_|l:'|:'D 16
° o ° ¢ nu o
o O° n:oﬂnnuu °
o ° 0“39:1 o
° 9609 o
oo om {14
o ° o ° & oo 8 08
o °°°o° o Onuﬂuneooo
o_o%0 o o
ooo o o 000 on 90 < o0
o o o o o <
L o o .
100 r uuuBDQOOO ® o © ° L 1.2
og? © o
o o =)
o °
uu“nn oooo
_ X aad o °
S u“unn <>°° ° 11
s ,0° 0090 ° ° &
= oo Ooo o =]
9 gooe” 154 o g
— %o
-g R <>°°° o °°° . —
8 ° o 4 0.8
o o .
2 o
° o
o
° o o ©
o ©o ° |
10 + ° ° ° 4 0.6
i R |
o
o 4
%o
° o4
4 04
+ Elastic modulus 0.2
a Viscous modulus '
o tan delta
1 0
0.1 1 10 100

Frequency (Hz)

Figure A4.2.11. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 5:5 and NaCit/SC = 0.2: Replicate 1.



318

1000 1.8
I 00000‘?
o R
o Xad o
o 0000 o )
008‘)00 o uﬂnuu“ f0g%05a0] 1.6
o
° 000003 g8 %% @
oo
) o A4 808 nu
o
. 3;‘8 o o
o o o8 {14
o0 %0°0 ° o o un: or.\Bo o
0° o ° o o 0° o o0 08" <><>°°<> °
ooo °° ° o @%afy %o o ° 1
o
100 o % ee0 o o 1 1.2
: ﬂuuua Ooo o ° o .
uuuuu oo N4
o ° °
— nnnn Oo ° ¢ o o ° )
© o 000 o
o 411
% u"-‘“ °<><> )
~ o9° Oo ° ° ° %]
%) 0a®%  50°° c
= o 00° ° ]
S o 00 o ° o =
e} o
§ o o ° °° 4 0.8
o © °
o o
° o
o
o °° %o ° ]
10 | R X
i 4o°
.4
4 04
+ Elastic modulus
o Viscous modulus | 0.2
o tan delta
1 0
0.1 1 10 100

Frequency (Hz)

Figure A4.2.12. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 5:5 and NaCit/SC = 0.2: Replicate 2.



Modulus (MPa)

1000 [

100

10

319

1.2
o
0. 600°% |
0o Q
0400070
£0090°9
00,
o
00 ©
o 00° ° 11
o o 00 o
O o o0 Op g gof0 oo
< oo o po o~ g
9.0 o 0 o o =]
134 ove ° o0 e i
< o uuuﬂn o a o
a a
S0 o oo nu
o -
oo o og 00 °
Qo0
- oooo 4 0.8
oooo o )
o
B o0 og_o o
00 o o
[oo® goa?8%, o
B ongunouu oo ©°
[ogo8 °o ° o0 ° ° °
° o o ° °
o %=}
° ° | -
° o 0.6 @©
o=
° o
° % oo
° °©°%o o o o o °
o
o . ° °
° ° o°° ° o
° ° °
o °°°°°
L ° 00° 0.4
°
9|
1 0.2
+ Elastic modulus
= Viscous modulus
o tan delta
0
0.1 10 100

Frequency (Hz)

Figure A4.2.13. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 3:7, without Na citrate: Replicate 1.
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Figure A4.2.14. Dynamic shear moduli and tan & as a function of frequency for the bioglass
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Figure A4.2.15. Dynamic shear moduli and tan & as a function of frequency for the bioglass

with SC/MD = 3:7 and NaCit/SC = 0.1: Replicate 1.
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Figure A4.2.16. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 3:7 and NaCit/SC = 0.1: Replicate 2.
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Figure A4.2.17. Dynamic shear moduli and tan & as a function of frequency for the bioglass
with SC/MD = 3:7 and NaCit/SC = 0.2: Replicate 1.
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Appendix 4.3 SEM images of glass forming components for a bioglass model system
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Figure A4.3.1 SEM images of crystallize sucrose (ground)—two measurements.
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Figure A4.3.2 SEM images of maltodextrin powder—two measurements.
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Appendix 4.4 SEM images of bioglass samples

30 purn

Figure A4.4.1 SEM images of the bioglass with SC/MD = 7:3, without Na citrate,

equilibrated in the atmosphere over saturated LiCl solution (~11%RH).
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Figure A4.4.2 SEM images of the bioglass with SC/MD = 7:3, without Na citrate,
equilibrated in the atmosphere over P,0Os powder (~1%RH).
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Figure A4.4.3 SEM images of the bioglass with SC/MD = 7:3 and NaCit/SC = 0.1,
equilibrated in the atmosphere over saturated LiCl solution (~11%RH).
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Figure A4.4.4 SEM images of the bioglass with SC/MD = 7:3, and NaCit/SC = 0.1,
equilibrated in the atmosphere over P,0Os powder (~1%RH).
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Figure A4.4.5 SEM images of the bioglass with SC/MD = 7:3 and NaCit/SC = 0.2,
equilibrated in the atmosphere over saturated LiCl solution (~11%RH).
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30 pum

Figure A4.4.6 SEM images of the bioglass with SC/MD = 7:3 and NaCit/SC = 0.2,
equilibrated in the atmosphere over P,Os powder (~1%RH).
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Figure A4.4.7 SEM images of the bioglass with SC/MD = 5:5, without Na citrate,
equilibrated in the atmosphere over saturated LiCl solution (~11%RH).
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Figure A4.4.8 SEM images of the bioglass with SC/MD = 5:5, without Na citrate,
equilibrated in the atmosphere over P,Os powder (~1%RH).
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30

Figure A4.4.9 SEM images of the bioglass with SC/MD = 5:5 and NaCit/SC = 0.1,
equilibrated in the atmosphere over saturated LiCl solution (~11%RH).
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Figure A4.4.10 SEM images of the bioglass with SC/MD = 5:5 and NaCit/SC = 0.1,
equilibrated in the atmosphere over P,Os powder (~1%RH).



337

30 um
TR

30 m
e e

Figure A4.4.11 SEM images of the bioglass with SC/MD = 5:5 and NaCit/SC = 0.2,
equilibrated in the atmosphere over saturated LiCl solution (~11%RH)
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Figure A4.4.12 SEM images of the bioglass with SC/MD = 5:5 and NaCit/SC = 0.2,
equilibrated in the atmosphere over P,Os powder (~1%RH).
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Figure A4.4.13 SEM images of the bioglass with SC/MD = 3:7, without Na citrate,
equilibrated in the atmosphere over saturated LiCl solution (~11%RH).
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Figure A4.4.14 SEM images of the bioglass with SC/MD = 3:7, without Na citrate,
equilibrated in the atmosphere over P,Os powder (~1%RH).
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Figure A4.4.15 SEM images of the bioglass with SC/MD = 3.7 and NaCit/SC = 0.1,
equilibrated in the atmosphere over saturated LiCl solution (~11%RH).
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Figure A4.4.16 SEM images of the bioglass with SC/MD = 3.7 and NaCit/SC = 0.1,
equilibrated in the atmosphere over P,Os powder (~1%RH).
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Figure A4.4.17 SEM images of the bioglass with SC/MD = 3:7, NaCit/SC = 0.2, equilibrated
in the atmosphere over saturated LiCl solution (~11%RH).
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Figure A4.4.18 SEM images of the bioglass with SC/MD = 3.7 and NaCit/SC = 0.2,
equilibrated in the atmosphere over P,Os powder (~1%RH).
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CHAPTER 5

SUMMARY AND RECOMMENDATIONS

5.1 General Summary

It has been well documented that amorphous sucrose possesses excellent protective
property (Taylor and Zografi, 1998; Wolkers et al., 1998; Davidson and Sun, 2001). Though
sucrose exhibits rather low Ty particularly when plasticized by just small amount of water,
this property could be enhanced by mixing it with large glass-forming molecules such as
maltodextrin (Bhandari and Hartel, 2005). Literature has also suggested the application of
certain salts to increase Ty (Kets et al., 2004) and reduce molecular mobility of amorphous
sucrose (You and Ludescher, 2008a; You and Ludescher, 2008b). Thus, a mixture of sucrose,
maltodextrin and salt in amorphous state seems promising in that it might be potentially
utilized as an encapsulation matrix for labile compounds. However amorphous materials are
thermodynamically non-equilibrium; they evolve towards equilibrium over time. Besides
water which usually presents in foods profoundly affects their Ty (Noel et al., 2000; Poirier-
Brulez et al., 2006; Shinyashiki et al., 2008). Hence the thorough investigation on
characteristics and behaviors of amorphous sucrose-maltodextrin-salt system would be

indispensable prior to further applications.
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In this study, the effects of sucrose, maltodextrin, Na citrate, and water on the glass
transition characteristics, enthalpy relaxation, molecular aspects (in terms of the strength and
length of hydrogen bonding), and rheological properties and behaviors of the amorphous
sucrose-maltodextrin-Na citrate system were systematically investigated. Samples were
formulated with sucrose/maltodextrin mass ratios (SC/MD) of 7:3, 5:5 and 3:7, and Na
citrate/sucrose mole ratios (NaCit/SC) of 0, 0.1 and 0.2 at two different levels of moisture
content: low (0.27 — 0.35 %whb) and high (2.83 — 4.40 %wb). Samples in the glassy state
were studied using the modulated differential scanning calorimetry (MDSC), Fourier-
transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). The
dynamic mechanical spectroscopy was used to evaluate samples in the rubbery-amorphous
state (approximately 10 %wb moisture content).

MDSC data showed the dramatic plasticization effect of water in suppressing the Ty
and increasing molecular mobility of the system. The Ty value of the system could be
enhanced by increasing maltodextrin concentration. The enthalpy relaxation behavior
obtained from isothermal aging experiments showed the opposite effects of water and
maltodextrin; molecular mobility increased with the increasing moisture content while
maltodextrin helped retard matrix mobility. The addition of Na citrate could increase Ty and
reduce molecular mobility of the system presumably due to the molecular interaction
between Na citrate and sucrose. The results confirm that enthalpy relaxation is a complex
molecular process and using a simple expression like KWW equation to describe the
relaxation has certain limitations. A large variation in g values reported in literature,
including in this study, made a direct comparison of relaxation characteristic time (V) less

meaningful. The time required for 50 % completion of the theoretical possible maximum



347
enthalpy relaxation at a constant temperature below Ty (tyn=05 W) was also used for data
analysis. According to the tyy=05 value, it was found that maltodextrin helps to improve the
matrix stability. A substantial increase in stability could be achieved by slightly lowering the
storage temperature. In addition, the tyy=05 value suggests that Na citrate tends to interact
with sucrose resulting in the less mobility of the bioglass system.

Additional insight about molecular interactions within the bioglass matrix was
obtained from FTIR measurements. The system with high maltodextrin concentration formed
loosely-packed amorphous structure. The glass matrix with stronger chemical bonds could be
obtained when Na citrate was introduced to the sucrose-dominant system; the improved
strength was primarily due to intermolecular hydrogen bonding between Na citrate and
sucrose. Evidence obtained from SEM images suggested the possible effect of Na citrate to
interfere with molecular interaction within the matrix of maltodextrin-dominant system; the
interference likely made the system became more brittle.

It was found from rheological measurements that maltodextrin helped increase the
rigidity of rubbery amorphous sucrose-maltodextrin system possibly due to the stronger
glycosidic linkages in maltodextrin compared to those in sucrose. The system with high
sucrose concentration exhibited a viscous-dominant mechanical relaxation. In contrast,
elastic-dominant relaxation was observed in the system with high maltodextrin concentration.
This difference in mechanical relaxation behavior might arise from different mechanisms of
molecular motions. The energy generated by molecular motions of small molecules—
sucrose—and the configurational vibrations of segments in large molecules—maltodextrin—
may dissipate as heat per cycle of sinusoidal deformation giving rise to the dominance of

viscous component (Ngai and Plazek, 1995; Kasapis and Sablani, 2005). Elastic component
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may be contributed by the stretching and bending of glycosidic linkages in maltodextrin
(Kasapis and Sablani, 2005). In the system with high sucrose concentration, the addition of
Na citrate resulted in the downshift in frequency of relaxation process implying the slower
molecular mobility. The molecular interactions between Na citrate and sucrose might lead to
the formation of large clusters of these molecules that could retard the mechanical relaxation.

In summary, the results of this study confirm the strong plasticization effect of water
on amorphous saccharides. Maltodextrin played significant role in T4, molecular mobility and
rigidity of the amorphous sucrose-maltodextrin based system, primarily due to the presence
of strong glycosidic linkages. Though FTIR measurements revealed that Na citrate interacts
with both maltodextrin and sucrose, the interactions yielded different effects. Na citrate
interfered with the molecular interactions of maltodextrin decreasing T4 and possibly
weakening the amorphous matrix as evidenced from the SEM images. On the other hand, the
hydrogen bonding between Na citrate and sucrose resulted in the higher T4 and the lower
molecular mobility as evidenced by the enthalpy and mechanical relaxation. The findings
have shown that the stability of sucrose-maltodextrin amorphous system could be improved

by the addition of Na citrate.

5.2 Recommendations for Future Research

Most studies on amorphous carbohydrates have been thus far dealing with binary or
tertiary systems. Though it is of fundamental important to understand the behaviors of a
simple amorphous system, real food products are far more complicated, generally containing

many diverse ingredients. Certain molecular interactions between ingredients and glass-
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forming molecules might significantly alter properties and behaviors of the system; the
enthalpy relaxation, as a result of molecular mobility below Tg, could possibly be even more
complex. In the worst case, such modulation may eventually impair the merits of amorphous
matrix. Also, of now, theoretical understanding of glass transition phenomenon has not been
firmly established. All of these reasons make investigating bioglass systems practically
important. Further study may focus on model systems of complexity similar to that of end-
use product of interest.

Most common applications of amorphous carbohydrate in literature relate to freeze
drying. However the amorphous carbohydrate matrix may be incorporated in extruded foods,
which are usually very low in moisture content. Extruded food products are considerably
attractive delivery system for nutrients to address nutritional deficiencies. Also processing a
food system containing glass-forming carbohydrates with the supercritical fluid extrusion,
which requires only mild operating conditions, may allow high retention of flavors and

nutrients (Paraman et al., 2012).
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