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ABSTRACT: An investigation of the diffusional mobility of a bioactive compound (caffeine) within the high-solid (80.0% w/w)
matrices of glucose syrup and k-carrageenan plus glucose syrup exhibiting distinct mechanical glass transition properties is reported.
The experimental temperature range was from 20 to �60 �C, and the techniques of modulated differential scanning calorimetry,
small deformation dynamic oscillation in shear, and UV spectrometry were employed. Calorimetric and mechanical measurements
were complementary in recording the relaxation dynamics of high-solid matrices upon controlled heating. Predictions of the
reaction rate theory and the combined WLF/free volume framework were further utilized to pinpoint the glass transition
temperature (Tg) of the two matrices in the softening dispersion. Independent of composition, calorimetry yielded similar Tg

predictions for both matrices at this level of solids. Mechanical experimentation, however, was able to detect the effect of adding
gelling polysaccharide to glucose syrup as an accelerated pattern of vitrification leading to a higher value of Tg. Kinetic rates of
caffeine diffusion within the experimental temperature range were taken with UV spectroscopy. These demonstrated the
pronounced effect of the gelling k-carrageenan/glucose syrup mixture to retard diffusion of the bioactive compound near the
mechanical Tg. Modeling of the diffusional mobility of caffeine produced activation energy and fractional free-volume estimates,
which were distinct from those of the carbohydrate matrix within the glass transition region. This result emphasizes the importance
of molecular interactions between macromolecular matrix and small bioactive compound in glass-related relaxation phenomena.
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’ INTRODUCTION

Vitrification or glass transition is a kinetic process originating
from limitations on the rates of internal molecular adjustments
due to variations of temperature, time scale of observation, mech-
anical stress, or hydrodynamic pressure.1Molecules are unable to
rearrange themselves into an ordered or crystalline form but,
instead, become “frozen” in the molecular arrangement of a
liquid with a very high viscosity (about 1012 Pa s), which virtually
stops them from flowing within experimental constraints. A con-
nection between high viscosity and limited molecular mobility in
glassy systems was readily made, and the concept of glass tran-
sition temperature (Tg) was proposed to be the temperature that
controls the rate of chemical, enzymatic, and biological processes
below which these processes are thought to proceed extremely
slowly.2,3

Applications of the concept of the glass transition temperature
have been well documented in synthetic polymers and organic
solids used as common glasses and plastics and in biomaterials
such as starches and their hydrolysates, dietary fiber, and pro-
teins. These have been used to deliver a range of properties
including texture, processability, storage stability, delivery con-
trol, etc.4,5 In food-related processes where water and/or sugar
act as plasticizers of proteins and polysaccharides, modulated
differential scanning calorimetry (MDSC) has been the tech-
nique of choice to measure Tg.

6 Increasingly, mechanical spec-
troscopy in the form of small deformation dynamic oscillation
and stress relaxation has been employed to also provide estimates

of the glass transition temperature in single or mixed prep-
arations of macromolecules in the presence of cosolute.7

Themechanical approach provides viscosity values formaterials
via the well-known Stokes�Einstein equation, which is coupled
to rates of translational diffusion in fluids and the temperature
dependence of free volume, as described by the mathematical ex-
pression of Williams, Landel, and Ferry.8 For example, the com-
bined theoretical framework of free volume and WLF equation
has been used to monitor the glass transition region kinetics of
the translational diffusion of fluorescein in amorphous mixtures
or sucrose�water and maltose�water.9,10 Relatively complex
chemical reactions at the vicinity of the glass transition tempera-
ture were also evaluated, including nonenzymatic browning,
aspartame degradation, high-methoxy pectin de-esterification,
etc.11�15

Clearly, chemical reaction pathways and enzymatic processes
are critical for the improvement of stability and quality control of
processed foods. However, there have been drawbacks in under-
standing the molecular dynamics of carbohydrates and proteins
as stabilization or delivery matrices at the vicinity of Tg. Applica-
tion of the free volume theory utilizing the amplitude of the dif-
ference between glass transition and experimental temperature
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(T�Tg) in an effort to monitor reaction progress often has been
met with erroneous results. The main reason for this appears to
be the inability of the so-called “universal” C1 and C2 parameters
of the WLF equation to describe the structural complexity of
various biopolymers, thus reporting in the literature negative
estimates or physically unrealistic high values of free volume.
Within this context, a recent communication utilized the viscoe-
lastic approach to produce theoretically valid estimates of WLF
C1 and C2 parameters that relate to free volume characteristics of
specific delivery matrices.16

Another and increasingly critical constraint is the inability to
make a link between recent advances in fundamental knowledge
and the direct application to product situations with a growing
need for scientific input. Utilization of single systems of small
polyhydroxyl compounds, for example, sugars, sugar alcohols, or
trehalose, does not meet fully the need for technology transfer
from the materials science of (aqueous) solid solutions to the
functional attributes of established and yet complex or novel
foodstuffs with their multifaceted challenges. In an effort to
address aspects of controlled delivery in model food materials
with superior functionality, the present investigation introduces a
gelling biopolymer (k-carrageenan) to a liquid carbohydrate
environment (glucose syrup) and combines mechanical and
UV spectroscopy in the experimental protocol. As far as we are
aware, this is the first time that a binary composite of gelling
biopolymer/cosolute is used to provide mechanistic understand-
ing of the kinetics of diffusional mobility in a glassy matrix that
incorporates caffeine as the bioactive compound.

’EXPERIMENTAL PROCEDURES

Materials. k-Carrageenan was a gift from Hercules (Lille Skensved,
Denmark). 1H NMR analysis showed that ι-carrageenan-like segments
(i.e., with a sulfate group at position 2 of the 3,6-anhydride residue)
constitute about 8.0% of the polymer. An Amberlite IR-120 exchanging
resin fromBDHwas used to prepare the polysaccharide in the potassium
form, with details of the ion-exchange method having been reported
earlier.17 k-Carrageenan in the potassium form was characterized with
intrinsic viscosity measurements, [η], at constant ionic strength (0.01M
KCl) and 40 �C yielding [η] = 10.5 ( 0.2 dL/g.

Glucose syrup was a gift from Cerestar (Mechelen, Belgium). It is a
nonsweet saccharide system containing glucose sequences linked by
α-(1f4) and α-(1f6) glycosidic linkages. Dextrose equivalent (DE)
gives the content of reducing end groups relative to glucose as 100, with
the DE of our sample being 42. The level of solids is 83.0% (w/w), and
the water content of glucose syrup was taken into account in the
calculation of the total level of solids for sample preparation. GPC
analysis provided by the manufacturer characterized the relationship
between degree of polymerization (DP) and surface area (%) of the
glucose syrup spectrum, and this molecular weight distribution has been
published earlier.18 The material is a clear and stable solution at
temperatures above 0 �C and becomes a transparent glass on further
cooling.

Caffeine [1,3,7-trimethyl-1H-purine-2,6(3H,7H)-dione; C8H10N4O2]
is a drug that acts as a psychoactive stimulant and diuretic in humans.
It was purchased from Sigma-Aldrich (St. Louis, MO) in the form of a
white powder at a ReagentPlus grade.

Dichloromethane (DCM, CH2Cl2) is widely used as a solvent since it
is one of the less harmful of chlorocarbons. Melting and boiling points
are �96.7 and 39.8 �C, respectively, thus facilitating experimentation
within the temperature range of the UV spectroscopy investigation
(�50 to 20 �C). It was purchased as an anhydrous colorless liquid from
Sigma-Aldrich.

Sample Preparation. Glucose syrup preparations at 80% (w/w)
solids were made by diluting the purchased material of 83.0% (w/w)
solids with Milli-Q water while stirring gently and heating at 70 �C.
Glucose syrup/caffeine preparations were made by dispersing appro-
priate amounts of 1.0% (w/w) caffeine solution to diluted glucose syrup
solutions at 50 �C with gentle stirring to achieve a final concentration
of 79.6% (w/w) carbohydrate and 0.4% (w/w) bioactive compound
(80.0% w/w total solids).

k-Carrageenan/glucose syrup preparations were made by dissolving
first the polysaccharide in deionized water at 80 �C with gentle stirring
for 10 min. The temperature was then dropped to 70 �C for the addition
of appropriate amounts of cosolute (glucose syrup). To the homoge-
neous mixture, a counterion solution was introduced to obtain 10 mM
KCl in the final system. In doing so, excess water was evaporated off to
bring the total level of solids to 80.0% (w/w) comprising 0.5% (w/w)
k-carrageenan and 79.5% (w/w) glucose syrup.

Finally, high-solid k-carrageenan/glucose syrup preparations in the
presence of caffeine were made as in the preceding paragraph and by
adding appropriate amounts of the bioactive compound to obtain a final
mixture of 0.5% (w/w) k-carrageenan (10 mMKCl) with 79.1% (w/w)
glucose syrup and 0.4% (w/w) caffeine (80.0% w/w total solids).
Measurements. MDSC.MDSC was used to analyze the four types

of samples described in the preceding section. These were weighted to
about 15 mg, sealed hermetically in Alod-Al pans, and subjected to
MDSCmeasurements (Q1000DSC, TA Instruments, NewCastle, DE).
An empty sample pan was used as a reference, and nitrogen was supplied
as a purge gas at the flow rate of 50 mL/min. Tzero calibration was
performed by heating the cells without pans in the temperature range of
interest. Cell constant and temperature calibration was performed with
indium and Milli-Q water at the heating rate of 2 �C min�1, and heat
capacity was calibrated using sapphire. Samples were cooled from 20 to
�90 �C at the underlying rate of 2 �Cmin�1 and then heated up to 0 �C
at the same scan rate with a modulation period of 60 s and amplitude
(1 �C. Measurements were carried out in triplicates, yielding effectively
overlapping traces.

Small Deformation Dynamic Oscillation Measurements in Shear.
Small deformation dynamic oscillation measurements in shear were
performed with the Advanced Rheometrics Expansion System (ARES),
which is a controlled strain rheometer (TA Instruments). A parallel plate
geometry of 8 mm diameter was used, and the gap was kept at 2 mm.
Samples were loaded onto the preheated platen of the rheometer at
60 �C immediately after preparation, and their exposed edges were
covered with a silicone fluid from BDH (50 cS) to minimize water loss.
They were subjected to a controlled cooling or heating run at 2 �C
min�1, frequency of 1 rad s�1, and a strain amplitude that varied from
0.00072% in the glassy state to 2.0% in the rubbery plateau or flow region
to accommodate the huge changes in the measured stiffness of the sample.
The experimental temperature range was between 20 and�60 �C. Analysis
provides the temperature variation in storage (G0) and loss (G00) modulus,
which are the elastic and viscous components of the network that forms
upon cooling and softens upon heating.

In a second set of experiments, isothermal frequency dependence of
dynamic oscillatory moduli was assessed by recording mechanical spec-
tra from 0.1 to 100 rad s�1 throughout the experimental temperature
range of interest. This extended from�55 to�4 �C to cover the region
of glassy consistency and data were recorded at constant temperature
intervals of 3 �C. Three replicates were analyzed for each experimental
preparation, with the rubber-to-glass transition being readily reprodu-
cible within a 3% errormargin as a function of temperature or time scale/
frequency of observation. Nonlinear regression analysis of experimental
data was carried out using GraphPad Prism Version 4.03.

UV Spectroscopy. Kinetic studies of caffeine diffusion in the high-
solid glucose syrup and k-carrageenan/glucose syrup matrices of this
investigation were carried out using UV spectroscopy. In doing so, 4 mL
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portions of caffeine-containing samples were transferred into a 30 mL
glass vial using a syringe. Care was taken to avoid material spillage on the
internal sides of the vial and bubble formation during transfer. Sample
and a 10 mL portion of DCM were kept separately at the desired tem-
perature of measurement to equilibrate for 30min. Following this, DCM
was transferred swiftly (as a separate phase on top of the sample) to the
vial, which was promptly capped and returned to the measuring tem-
perature. At prearranged time periods of observation, the DCM portion
was immediately transferred out, and absorbance readings were taken
using a UV-1650PC spectrophotometer (Shimadzu, Tokyo, Japan).
Nitrogen gas was purged into the measuring chamber of the instrument
to prevent fogging of the cuvette due to atmospheric condensation while
operating at subzero temperatures.

Caffeine diffusion from the high-solids matrix to DCM was mon-
itored in the form of absorbance since it relates directly to caffeine's
concentration. The maximum absorbance was read at λmax (275 nm)
using 11 temperatures of observations (20, 10, 5, 0,�5,�10,�15,�20,
�30,�40, and�50 �C), which were supported by a cold bath (Thermo
Scientific Neslab-CB80, Newington, NH). Absorbance readings were
taken at time intervals as short as 60 s and up to 240 min. Glucose syrup
or k-carrageenan/glucose syrup preparations at 80% (w/w) solids
served as the control. Experiments were carried out in five replicates,
and average values are reported. Averaged means of caffeine diffusion
in DCM were modeled using Shimadzu's proprietary software
(Tm Analysis System TMSPC-8) and by considering the initial part
of the absorbance curve as a function of time scale of observation.

’RESULTS AND DISCUSSION

Thermomechanical Characterization of Single and Mixed
Systems of Glucose Syrup and j-Carrageenan. Sample pre-
paration in this work via thorough hydration of glucose syrup or
k-carrageenan results in stable solutions at high temperature,
which readily transform in rubbery gels or transparent glasses
upon subsequent cooling. At this fixed moisture content

(20% w/w), crystal formation is avoided, and the concept of
vitrification can be considered presently as the governing me-
chanism of molecular processes. Typically, work in high-solid
systems (broadly defined as those with solid levels above 70%) is
carried out by differential scanning calorimetry (DSC), which
measures as a function of temperature the difference in energy
inputs into a substance and its reference.19 Our samples were
subjected toMDSCmeasurements to increase the sensitivity and
resolution of thermal analysis by resolving thermograms into
“reversing” and “non-reversing” heat flow.
Figure 1 reproduces thermograms obtained for glucose syrup

and glucose syrup plus k-carrageenan preparations with or with-
out caffeine. Materials were cooled relatively slow at 2 �C min�1

and then heated at the same scan rate from temperatures well
below the glass transition region, thus recording a “pseudo-
equilibrium” relaxation response to the changing thermal regime.
In these experiments, the heat flow curve begins at the top
(about�75 �C), and this sigmoidal change that ends at�15 �C
(endothermic down) is construed as evidence of vitrification
phenomena. Themidpoint of this thermal event is readily detect-
able and is considered presently as the empirical glass transition
temperature obtained from the MDSC thermograms. Often, this
is referred to as Tg2 in the literature, with researchers also report-
ing values for the beginning (Tg1) and completion (Tg3) of the
heat capacity curve.20

Values of the midpoint Tg for our samples are �46 ( 1.0 �C,
an outcome that strongly argues that small additions of polymer
or bioactive compound to liquid carbohydrate at this level of
solids have no effect on the thermal dependence of vitrification

Figure 1. Variation of reversing heat flow as a function of temperature
for the following samples from top to bottom in the graph: 80.0%
glucose syrup, 79.6% glucose syrup with 0.4% caffeine, 79.5% glucose
syrup with 0.5% k-carrageenan (10 mM KCl), and 79.1% glucose syrup
with 0.5% k-carrageenan (10 mM KCl) plus 0.4% caffeine obtained
using MDSC at a heating rate of 2 �C min�1. Figure 2. Storage (G0) and loss (G00) modulus variation as a function of

temperature (heating or cooling scan) for a material of 80.0% glucose
syrup (left spectrum on the graph) and a second sample of 79.5% glucose
syrup with 0.5% k-carrageenan (10 mM KCl) scanned at a rate of 2 �C
min�1, frequency of 1 rad s�1, and strain that varied from 2.0 to
0.00072% in the glassy state.
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patterns. Similar values of the glass transition temperature ob-
tained fromDSCwere recorded for small polyhydric compounds
from the state diagrams, for example, of glucose, fructose, and
sucrose.21

Calorimetry elucidates micromolecular aspects of vitrifica-
tion phenomena, whereas mechanical measurements should be
able to probe macromolecular effects of the addition of 0.5%
k-carrageenan (10 mM KCl) to concentrated (79.5%) glucose
syrup preparations. Work of this nature is inspired from the
“synthetic polymer approach”, which, in addition toDSC, utilizes
small deformation dynamic oscillation or stress relaxation to
follow the viscoelastic properties of three-dimensional structures.22

Figure 2 depicts the variation in storage (G0) and loss (G00)
modulus for thermally reversible cooling and heating profiles of
single glucose syrup samples and glucose syrup/k-carrageenan
mixtures. There is a strong temperature effect on the behavior of
both systems over the temperature range of 10 to �50 �C, with
values of shear modulus increasing almost 7 orders of magnitude.
In the case of glucose syrup, values of G00 remain well above

those ofG0 at the upper range of temperatures; hence, the system
is a viscoelastic liquid. A rapid increase in bothmoduli is observed
on further cooling, but the disproportionate development of the
solid component eventually overtakes the trace of the viscous
component of the material at about �45 �C. This crossover is
close to the midpoint glass transition temperature noted earlier
for DSC and signifies the formation of a very strong solid in the
glassy state (G0 > 108.5 Pa).
In contrast, the addition of k-carrageenan to glucose syrup

results in the formation of a rubbery plateau (G0 > G00) at tem-
peratures above 0 �C because of the three-dimensional structure
of the polysaccharide. The second thermal transition in the mix-
ture when G00 becomes greater than G0 at subzero tempera-
tures demarcates the onset of a prolonged glass transition region
that runs for most of the experimental routine. Eventually, G0
manages to overtake G00 once more at about �34 �C, with the
values of the solid component approaching 109.5 Pa at the very
end of the cooling run (�50 �C). Clearly, the rheological rubber-
to-glass transition is displaced at higher temperatures as com-
pared to the solution glass transformation of glucose syrup in
Figure 2 and the Tg predictions from calorimetry in Figure 1.
Network formation is a process that rheology is extremely well
qualified to follow, and this is documented in the acceleration of
the mechanical glass transition of glucose syrup/k-carrageenan
mixture. On the other hand, it appears that calorimetry provides
information primarily on the mobility of the small molecules of
liquid carbohydrate, with small additions of the biopolymer being
a mere cross-contamination.
Mechanistic Considerations in the Viscoelastic Behavior

of Single Glucose Syrup Systems and Glucose Syrup/j-
Carrageenan Mixtures. To progress from qualitative discus-
sions of pictorial rheology in the preceding figure, we evolved
mechanistic explanations via the time�temperature superposi-
tion principle (TTS). This approach provides a means of iden-
tification of the molecular dynamics involved in processes that do
not involve first-order thermodynamic transitions.23 Glass for-
mation does not entail enthalpy release, which results in a change
in “phase”, but instead, a gradual transformation takes place from
a solidlike to a liquidlike “state”.
To carry out TTS in the present work, a series of mechanical

spectra were recorded within the accessible frequency range of
0.1�100 rad s�1. Figure 3a,b reproduces these frequency sweeps
of G0 and G00 taken at constant temperature intervals of 3 �C

upon heating the glucose syrup/k-carrageenan sample from�49
to�4 �C (corresponding data for glucose syrup are not shown).
Mechanical spectra remain relatively flat at the lower range of
temperature, for example, �40 and �49 �C, but this is trans-
formed into a steep drop in moduli with decreasing frequency at
higher temperatures, for example, �28 and �22 �C.
Following this, an arbitrary point within the glass transition

region was taken as the reference temperature (To = �20 �C),
and remaining mechanical spectra were shifted horizontally along
the log frequency axis. In doing so, the viscoelasticity at any stage

Figure 3. Frequency variation of (a) G0 and (b) G00 for the sample of
79.5% glucose syrup with 0.5% k-carrageenan (10 mM KCl). The
bottom curve was taken at�4 �C (9), other curves successively upward
were taken at �7 (0), �10 (2), �13 (4), �16 (black octagon), �19
(O),�22 ([),�25 (]),�28 (+),�31 (�),�34 (;),�37 (9),�40
(0), and �49 (black octagon) �C. Data at �43 and �46 �C are not
plotted to avoid clutter.
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of the heating or cooling run can be related to that of the ref-
erence temperature as long as the frequency of the former is
multiplied by a shift factor, aT. If the long and short relaxation
times (contributing to G0 and G00 spectra, respectively) generate
distinct shift factors or do not superpose thoroughly, rearrange-
ments are the outcome of more than one processes, the basic
form of the TTS is not applicable and should be rejected.24

As illustrated in Figure 4, good superposition of adjacent
mechanical spectra was achieved for the glucose syrup/k-carra-
geenan sample. Similar quality of superposition was also obtained
for glucose syrup, but data are not shown here (generated shift
factors between successive temperature steps will be dealt with in
the following paragraphs). This is the composite or master curve
of viscoelasticity that spans over nine decades of frequency, that
is, from 10�3 to 106 rad s�1 in Figure 4. The terminal part of the
rubbery plateau (G0 > G00) is captured at frequencies below
10�2 rad s�1. Next, the onset of the glass transition region is seen
at frequencies higher than 10�2 rad s�1 when the rising values
of G00 exceed those of G0. The entirety of the glass transition
region is recorded with increasing frequency of oscillation, and
the onset of the glassy state is unveiled at frequencies higher than
103 rad s�1 whereG0 becomes oncemore greater thanG00. Overall,
the master curve in Figure 4 is the time (or frequency) ana-
logue of the temperature profile discussed for the glucose syrup/
k-carrageenan mixture in Figure 2.
The construction of a smooth master curve of viscoelasticity

has generated a series of shift factors at a convenient reference
temperature within the glass transition region. For a number
of chemical and physical reactions, the extent of temperature
dependence of molecular parameters was found to follow the
Arrhenius rate law, which advocates that the reaction rate is
proportional to exp(Ea/RT), where Ea is the activation energy of
the reaction. In the case of shear moduli and for two different
temperatures, this recasts to

log aT ¼ Ea
2:303R

1
T
� 1
To

� �
ð1Þ

where R is the gas constant.25 If the dependence of all relaxation
times on temperature follows the Arrhenius equation, we will
obtain a straight line with the gradient reflecting the activation
energy of the system. As shown in Figure 5, good linear fits are
obtained for the temperature dependence of factor aT for glucose
syrup and glucose syrup/k-carrageenan samples at temperatures
below �46 and �34 �C, respectively. A cursory inspection of
Figure 2 documents that these temperature ranges lie within the
glassy state of our samples.
At higher temperatures, however, progress in viscoelasticity is

increasingly deviating from the Arrhenius prediction. This out-
come is congruent with a gradual shift in the viscoelastic response
of Figure 2 from the glassy state to the kinetics of the glass transi-
tion region for the glucose syrup and glucose syrup/k-carrageenan
preparations. The theory of free volume is often used to ratio-
nalizemechanical properties observed formolecular events in the
glass transition region. This approach dictates that the space
available to a group ofmolecules is the sum of the volume actually
taken by the molecules (occupied volume due to van der Waals
radii and molecular oscillations) and that from large scale vibra-
tions.26 The latter is known as the free volume and at the glass
transition temperature is expected to collapse to something
between 2 and 4% of the total volume. Experimentally, Williams,
Landel, and Ferry found an excellent fit to the observed shear

modulus values in the glass transition region of amorphous syn-
thetic polymers and diluted systems using the following math-
ematical expression:27

log aT ¼ � Co
1ðT � ToÞ

Co
2 þ T � To

ð2Þ

where C1
o and C2

o are the WLF constants at To. These are related
to the free volume theory as follows:

Co
1 ¼ B

2:303fo
and Co

2 ¼ fo
αf

ð3Þ

where fo is the fractional free volume at To, αf is the thermal
expansion coefficient, and B is usually set to one.
Application of the combined WLF/free volume framework to

the thermal dependence of shift factors at the upper range of
temperatures in Figure 5 yields good fits for both samples, an
outcome that emphasizes the change in prevailing molecular
dynamics at the glass transition region. The temperatures of
�46 �C for glucose syrup and �34 �C for glucose syrup/k-
carrageenan can be considered as the mechanical glass transition
temperature for these systems. The concept acquires physical
significance since it describes a threshold where large configura-
tional adjustments that contribute to changes in free volume at
the glass transition region give way to a constant activation energy
of processes associated with a barrier to rotation in the solidlike
environment of the glassy state. Equations 2 and 3 allow in both
samples calculation of the fractional free volume at the glass
transition temperature (fg ∼ 0.030) and thermal expansion
coefficient (αf = 6.10 deg�1 � 10�4), which are congruent with
estimates reported earlier for research in synthetics.28

Theoretical modeling further supports the experimental ob-
servations in Figure 2 arguing that the mechanical profile of the
rubber-to-glass transition is strongly influenced by the polysaccharide

Figure 4. Master curve of reduced shear moduli (Gp
0 and Gp

00) for the
sample of 79.5% glucose syrupwith 0.5%k-carrageenan (10mMKCl) as a
function of reduced frequency of oscillation (ωaT) based on the frequency
sweeps of Figure 3 and utilizing a reference temperature of �20 �C.
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particularly if it is network forming. It was possible in this work to
represent the magnitude of k-carrageenan contribution to rheol-
ogy by a mechanical (or “network”) Tg that differs from the

glucose syrup Tg obtained using rheology and calorimetry due to
the influence of the polymeric network on the mixture.
Diffusion Kinetics of Caffeine in theHigh-SolidMatrices of

Glucose Syrup and Glucose Syrup/j-Carrageenan. High-
solid environments of biopolymer with cosolute are of great
importance to the food industry and have other applications, for
example, preservation and delivery of bioactive compounds,
flavor encapsulation, color retention, etc. in glassy carbohydrate
matrices.29 As shown in this work, fundamental studies are
critical to understand the structural functionality of these materi-
als for the development of new uses on a sound technological
basis. We have also made a start with caffeine as the bioactive
compound, since many foodstuffs like tea, coffee, sodas, and
chocolate contain the compound at levels of mild stimulation.30

UV spectroscopy was chosen to provide a sensitive method for
quantification of the diffusion patterns of caffeine from the carbo-
hydrate matrix to DCM. It was found that at the various experi-
mental temperatures of interest in this study, the UV absorption
spectrum of the bioactive compound exhibited maximum in-
tensity (λmax) at 275 nm. It was further verified that the absor-
bance at 275 nm had a high-quality linear relationship with
caffeine concentration in DCM solutions within the absorbance
range of 0�2 AU according to the Beer�Lambert law
(UV spectra and calibrations curves are not shown presently).
Figure 6 shows a typical example of the absorbance data

obtained for 0.4% caffeine diffused from a sample of 79.1%
glucose syrup with 0.5% k-carrageenan (10 mM KCl) to DCM
over 4 h of observation. Experimental temperatures varied from
�50 to 20 �C, thus covering the entirety of the rubber-to-glass
transition recorded for mechanical properties in Figure 2 and the
temperature range of interest for heat flow variation in Figure 1.
The smooth absorbance behavior is evident within the recording
time/temperature framework producing considerable change in
spectral intensity. At the end of the experimental routine, for
example, temperature variation from �50 to 20 �C results in a
20-fold increase in caffeine absorbance.
A similar type of analysis and comparable results were obtained

for the diffusion of 0.4% caffeine from thematrix of 79.6% glucose
syrup to DCM. Both sets of results were then replotted as a
function of temperature for selected diffusion times to further
discuss the effect of matrix vitrification on caffeine mobility. This
school of thought follows the example of considering fundamental
parameters like volume or free energy in glass-forming liquids
and looking for changes in magnitude with respect to tempera-
ture at the vicinity of Tg.

31 As shown in Figure 7a,b, the diffu-
sional mobility of the bioactive compound increases considerably
for both systems at high experimental temperatures; that is, the
farther readings are taken from the glass transition temperature.
An interesting point of comparison is the temperature of

�40 �C, which lies midway between the glass transition tem-
peratures of glucose syrup and glucose syrup/k-carrageenan
preparations observed experimentally in Figure 2 and predicted
via theoretical modeling in Figure 5. Within the 4 h window of
observation, diminishing caffeine mobility is recorded in the
polysaccharide matrix, which is almost three times lower than for
glucose syrup at the same total level of solids (80.0%). It appears,
therefore, that the presence of gelling polysaccharide reduces free
volume, accelerates vitrification, and slows downdiffusionalmobility
of the bioactive compound. This observation makes the network
glass transition temperature an essential indicator of quality con-
trol in processed biomaterials in addition to traditional consid-
erations based on the calorimetric Tg.

Figure 6. Absorbance of 0.4% caffeine upon diffusion from a sample of
79.1% glucose syrup with 0.5% k-carrageenan (10 mMKCl) to DCM as
a function of time of observation at�50 (O),�40 (;),�30 (4),�20
(]),�15 (9),�10 (+),�5 (black octagon), 0 (�), 5 (2), 10 (0), and
20 ([) �C obtained at 275 nm.

Figure 5. Logarithmic shift factors aT for a sample of 80.0% glucose
syrup (trace on the left y-axis) and 79.5% glucose syrup with 0.5%
k-carrageenan plus 10 mM KCl (trace on the right y-axis). Horizontal
shifting in both cases was implemented at the reference temperature of
�20 �C. Mechanistic modeling of WLF or Arrhenius fits and the
mechanical glass transition temperature are also shown.
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Once the utility of adding hydrocolloid to a high-solid for-
mulation is discussed, the question arises as to the nature of the
kinetics of bioactive compound mobility in relation to that of the
solidlike matrix in the glassy state. Figure 8 summarizes our
efforts in this respect by depicting the interplay of predictions
from the reaction rate and free volume theories around themech-
anicalTg (discussed earlier) and adding to that kinetic patterns of
caffeine diffusional mobility. The latter set of results was obtained
by considering a very acceptable linear relationship observed in
the first section (30 min) of absorbance�time data in Figure 6.
This section of the spectrum can be treated as a zero-order
reaction with the gradient being the rate constant at k = dx/dt.

For each experimental temperature, we then developed a spec-
troscopic shift factor [log(ko)/k)], where ko is the rate constant
at the reference temperature of�20 �C. The outcome is plotted
in Figure 8 covering the temperature range of 20 to �50 �C, as
for the corresponding treatment on mechanical data of carbohy-
drate matrices.
Direct comparison of molecular dynamics between carbohy-

drate matrices with glassy consistency and diffused bioactive
compound can now be made. The temperature dependence of
shift factors for caffeine was much lower than for carbohydrate
and, upon treating with eq 1, produced a high-quality linearity
with a small variation in the energy of activation (depending on
matrix) from 0.23 to 0.47 kJ/mol. This estimate is considerably
below corresponding values (Ea = 98�140 kJ/mol) for the glassy
state of glucose syrup, glucose syrup/k-carrageenan in Figure 8,
and previously reported amorphous sucrose,32 hence reflecting
the high freedom of caffeine mobility in our systems.
The low Ea value of caffeine mobility is a sign of comparatively

high levels of free volume, and our work pursued this by employ-
ing the mathematical expression of WLF/free volume theory at
temperatures near Tg. As mentioned earlier, the fractional free
volume estimate at the glass transition temperature of the glucose
syrup/k-carrageenan mixture is about 3% of its total volume. In
contrast, aWLF fit on the kinetic data of caffeine yields at�34 �C
an fo value of about 13%, which indicates conditions of relative
diffusional mobility in comparison with the retarded molecular
relaxation of the carbohydrate glass. Therefore, the diffusion of
caffeine is slowed down by the polysaccharide network, but it
does not follow entirely the progression of viscoelasticity in the
softening dispersion of glucose syrup/k-caffeine manifest in
WLF kinetics.
Decoupling between polymer viscoelasticity and translational

diffusion of small “solute” molecules is a theoretically acceptable
position. This is indicated, for example, in the well-known Stokes�
Einstein relation that underestimates the diffusivemobility of small

Figure 8. Logarithmic shift factors aT as a function of temperature for
caffeine diffusion in the glucose syrup plus k-carrageenan matrix at the
reference temperature of�20 �C (both traces on the right y-axis), with the
vitrification of the glucose syrupmatrix also shown (trace on the left y-axis).

Figure 7. Absorbance of 0.4% caffeine upon diffusion from a sample of
(a) 79.6% glucose syrup and (b) 79.1% glucose syrup with 0.5% k-
carrageenan (10 mM KCl) to DCM as a function of experimental
temperature for the time periods of 10 (black octagon), 30 (4), 60 (2),
120 (]), and 240 ([) min obtained at 275 nm.
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molecules experiencing lower viscosity than the macroscopic
viscosity of the supporting phase.33 Consequently, there are two
issues of particular interest for future research in this area: (i)
variation of the network glass transition temperature in relation
to the physicochemical environment of thematrix (added counter-
ions, biopolymer concentration, and molecular weight, etc.) and
(ii) manipulation of the chemical affinity and molecular interac-
tions between biopolymer and bioactive compound, so that
translational motion of the supporting medium and mobile com-
pound is controlled in the glassy state for added value applications.
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