thermochimica
acta

Thermochimica Acta 369 (2001) 95-116

www.elsevier.com/locate/tca

Phenomenological study of enthalpy relaxation of
amorphous glucose, fructose, and their mixture

Ratchapong Wungtanagorn™', Shelly J. Schmidt®"

“Department of Agricultural Engineering, University of Illinois at Urbana-Champaign, 367 Bevier Hall,
905 South Goodwin Avenue, Urbana, IL 61801, USA
*Department of Food Science and Human Nutrition, University of Illinois at Urbana-Champaign,
367 Bevier Hall, 905 South Goodwin Avenue, Urbana, IL 61801, USA

Received 18 May 2000; received in revised form 12 October 2000; accepted 16 October 2000

Abstract

Enthalpy relaxation of glucose, fructose, and their mixtures (75/25, 50/50, and 25/75 glucose/fructose) has been investigated
in terms of the Tool-Narayanaswamy—Monihan (TNM) and the Adam-Gibbs model parameters using differential scanning
calorimetry (DSC) data. The apparent activation energy was evaluated from the cooling rate dependence of the limiting fictive
temperature and was found to decrease as the fructose content increased. The non-linear parameter x and the exponential
parameter f obtained from the TNM model was found to be the same as those obtained from the Adam-Gibbs model within
their standard deviations. The value of parameter x increased from 0.50 in glucose to 0.75 in fructose, while parameter
B decreased from 0.64 in pure glucose to 0.50 in the 50% fructose mixture and remained at about 0.50 for the mixtures with
over 50% fructose content. The parameter x which reflects the relative contributions of the temperature and structure
dependence of the relaxation times was also evaluated using the peak-shift method. The values of parameter x obtained from
the peak-shift method for all sugars were found in general to be higher than those obtained from curve fitting to the TNM and
the Adam—Gibbs models. The fragility of the sugars was also evaluated using the enthalpy relaxation data. The addition of
fructose to the glucose—fructose system produced ‘‘stronger” liquids, and less non-linear behavior. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction change in temperature or pressure) [1]. When a liquid

is subject to a rapid change in temperature, the macro-

Structural relaxation refers to the time-dependent
change of any macroscopic property (volume,
enthalpy, refraction index, electrical conductivity or
viscosity) of the liquid following a perturbation (i.e. a
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scopic properties of the liquid exhibit an instantaneous
change, followed by a slower structural relaxation to a
new equilibrium property value at the new tempera-
ture [2]. Microscopically, the structural relaxation
process is considered to correspond to the kinetically
impeded rearrangement of the temperature-dependent
structure of the liquid [1]. The liquid becomes a rigid
glass, when the time required for structural change is
much longer than the time of observation and within
the given experimental time scale the glass can no

0040-6031/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0040-6031(00)00741-3



96 R. Wungtanagorn, S.J. Schmidt/ Thermochimica Acta 369 (2001) 95-116

longer achieve structural equilibrium [3]. Therefore,
structural relaxation, as often observed within and
somewhat below the glass transition region, is a result
of the non-equilibrium nature of the glassy state.
Structural relaxation reflects the spontaneous
approach of the material towards equilibrium at a rate
that depends on the temperature, and the complete
thermal history of the glass [4]. In particular, the
isothermal structural relaxation that occurs below
glass transition temperature (7,) is often referred to
as physical aging [5].

Many processes used in the preparation of food
products such as dehydration, concentration, extru-
sion, or melting transform the crystalline sugar com-
ponents into amorphous sugars. The amorphous
sugars in sugar containing products, such as hard
candy and low moisture foods, are in a metastable,
non-equilibrium state and can be subject to physical
aging during their shelf life. The role of physical
aging in food materials is that it may produce unfa-
vorable changes in some physical properties (density,
hardness and brittleness), which in turn affect the
quality and stability of the food products. As pointed
out by Roos [6], information on structural relaxation
that reflects the physical state of amorphous foods
would probably be useful in evaluation the brittleness
or cracking behavior of glassy foods and food com-
ponents.

Structural relaxation has been studied intensively in
polymers by dilatormetry (volume relaxation, [7]) and
differential scanning calorimetry (DSC) (enthalpy
relaxation, [8]). In the present paper, the structural
relaxation of two commonly used sugars (glucose,
fructose) and their mixtures has been investigated
using DSC. The characterization of the relaxation
process was evaluated through the kinetic parameters
of the TNM (Tool, Narayanaswamy, and Moynihan)
and Adam—Gibbs models. Although, the kinetic para-
meters have been evaluated and reported for various
non-foods, materials such as PVC, PMMA, and PS
[9-11], only a few studies have been conducted on
food materials [12—14]. The objectives of this research
are: (1) to evaluate the enthalpy relaxation of glucose,
fructose, and their mixtures through the kinetic para-
meters TNM and Adam—Gibbs models obtained from
the curve-fitting method, (2) to compare the non-
linearity parameter x obtained from the curve-fitting
method and the peak-shift method, and (3) to classify

glucose and fructose into the strong/fragile classifica-
tion of Angel [15].

2. Phenomenolgical expressions of the models

Itis well established that enthalpy relaxation is both
non-exponential and non-linear. The non-exponential
character of the enthalpy relaxation is treated by
taking a distribution of relaxation times into account
and is frequently described using the Kohlrausch—
Williams—Watts (KWW) stretched exponential func-
tion. The KWW function is generalized for the
non-linear case as shown in Eq. (1) [16-18]:

9() =(t.10) = exp (~L") = exp (‘ </od(tr>)ﬁ>

(D

where ¢(7) is the relaxation function, { the reduced
time, 7, represents the characteristic relaxation time
which is a function of time (f), f is a parameter
characterizing the width of the relaxation time distri-
bution spectrum (0 < f < 1).

In most models, the non-linear character of the
enthalpy relaxation is taken into account based on
the concept of Tool [19] in that the relaxation times
(7o) are considered to depend on both temperature and
the average structural state of the system. The fictive
temperature (7y) was introduced in order to character-
ize the structural state of the system. Ty was defined as
the temperature at which an intensive property in an
equilibrium sample would have the same value as that
exhibited by the glass in question. It should be men-
tioned that T} varies significantly depending on which
intensive property is selected as the reference. The
concept of Tool was further developed by Narayana-
swamy and coworkers [17,18] and Moynihan [20] and
is given as the TNM (Tool, Narayanaswamy, and
Moynihan) model in Eq. (2):

xAR* n (1 —x)Ah*
RT, RT:(1)

t0(Ta, Tt) = Aexp )
where A is the relaxation time in equilibrium at an
infinitely high temperature, Ah"™ the apparent activa-
tion energy (a constant) in the equilibrium state above
T,, x Ah™ denotes the activation energy in the glassy
state at a fixed value of Tt = 7§ [10], R represents the
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ideal gas constant, 7, the aging temperature, and x
(1 > x > 0) denotes the non-linearity parameter that
determines the boundaries of the degree of non-line-
arity or partitions the effects of 7 and 7. Physical
aging is described in terms of the isothermal time
dependence of T;. The difference between T and 7,
therefore, defines the departure of the aged system
from equilibrium.

Another expression of 1y was proposed by Scherer
[21,22] who first used the Adam—Gibbs theory expli-
citly for enthalpy relaxation. This concept was further
refined by Hodge [9,23], who proposed the present
form of the model, referred to as Adam-—Gibbs—
Fulcher (AGF) shown in Eq. (3):

o ) 3)

70(T, Tt) = Bexp (m

where B and Q are constants, and 7, denotes the
temperature at which the configurational entropy of
the equilibrium liquid would vanish. T, was found to
be equivalent to the Kauzmann temperature Tk in
some polymers [10]. The parameters of both the
TNM and Adam-Gibbs models can be obtained by
curve fitting the experimental heat capacity data.
Another way to obtain the non-linearity parameter x
is called the peak-shift method which was originally
based on the Kovacs—Alkonis—Hutchinson—-Ramos
(KARH) model [24]. The peak-shift method evaluates
the parameter x based on the endothermic response of
a glass on heating to a given thermal and aging history
[25-29]. Three well-defined thermal cycles are used in
the method: (i) cooling at a constant rate (g.) from
equilibrium at T, to an aging temperature 7, below T;
(ii) isothermal aging at T,, which results in a decrease
in the enthalpy by an amount dy; and (iii) reheating at
a constant rate, gy, until equilibrium is again achieved.
During the heating scan, the specific heat capacity
passes through a maximum at a peak temperature (7},)
which is dependent on four experimental parameters:
cooling rate (q.), aging temperature (7,), enthalpy loss
(0n), and heating rate g,. When the sample is aged for
a long period of time (fully stabilized), the depen-
dency of T}, on these experimental parameters can be
expressed in terms of a set of shifts 5. For example,
5(Qp) is the heating rate dependent shift. The shifts
were found to be interrelated and critically dependent
on the non-linearity parameter x, but were not depen-
dent upon the shape and width of the relaxation

distribution spectrum, when the glass was conditioned
to the well-defined thermal and aging history
described above [27,28]. The peak-shift method has
been applied successfully in polymeric and inorganic
glasses to determine the non-linear parameter x
[30-38].

The “strong/fragile” classification proposed by
Angell and coworkers [15,39-45] is used to describe
the temperature dependence of the relaxation proper-
ties in the equilibrium state. The interpretation of the
glassy state relaxation (non-equilibrium) behavior
within this classification has been attempted in struc-
tural relaxation studies for a variety of materials such
as, polyvinylchloride, polystyrene, polymethylmetha-
crylate, and polycarbonate [9,10,25,34,38,46-50].

3. Materials and methods

3.1. Materials, sample preparation, and
instrumentation

D-(—)-Fructose (p-Levulose) (Product no. G-2543,
SigmaUltra grade) and anhydrous p-(+)-glucose (Pro-
duct no. G-7528, SigmaUltra grade) were obtained
from Sigma (St. Louis, MO) and used without further
purification. Both sugars were screened with 3 in.
stainless frame and cloth sieves (W.S. Tyler, Mentor,
OH) and only particle sizes between 0.180 (No. 80)
and 0.212 (No. 70) micrometers were collected. After
screening, the sugars were dried in a vacuum oven at
60°C and 14.7 psi for 12 h. Three weight ratios of dry
glucose to fructose, 75/25, 50/50, and 25/75 (denoted
as G75F25, G50F50, and G25F75, respectively) were
prepared. Hermetic uncoated aluminum pans and lids
were used in all experiments and were cleaned in
acetone before use. All samples (10mg + 0.1 mg)
experienced the entire thermal history in the DSC
cell, including the aging step. All experiments were
done in duplicate.

A TA Instrument 2920 MDSC, equipped with a
refrigerated cooling accessory, Universal Analysis
software, and Thermal Analysis-Heat Capacity soft-
ware, was used. Dry helium gas was used as the purge
through the sample cell at a rate of 25 cm®/min. Dry
nitrogen gas was used to purge the refrigerated cooling
accessory during heating, whereas dry helium gas was
used during cooling in order to achieve the highest
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efficiency of cooling. The flow rate of both gases was
at a rate of 150 cm®/min.

Indium and sapphire were used for cell constant and
temperature calibration, and heat capacity calibration,
respectively. An empty aluminum DSC pan was used
as the reference pan and matched to within +0.05 mg
in weight of the empty sample pan. Heat capacity data
were obtained using the Heat Capacity Analysis soft-
ware [51]. The values of the midpoint 7}, of the unaged
glucose, 75G25F, 50G50F, 25G75F, and fructose
determined at equal cooling—heating rate of 10 K/min
using the Universal Analysis software [52] were
310.07 £1.188, 299.67 £0.028, 290.83 + 0.544,
284.69 £ 0.559, and 278.30 % 0.248 K, respectively.

3.2. Thermal history

A schematic illustration of the entire thermal his-
tory applied to all samples is shown in Fig. 1. For all

samples, the sugar crystals were initially melted in the
DSC pan by heating from ambient temperature to
441.2 K at 10 K/min and held for 0.3 min in order
to completely melt the sugar crystals. The thermal
histories for each experiment are described below.

3.2.1. Unaged experiments

The molten sugar was cooled at a cooling rate g, to
T, about 55 K below its T, midpoint (77 = 256.2,
24477, 238.2, 233.2, 226.2 K for glucose, 75G25F,
50GS50F, 25G75F, and fructose, respectively) in order
to form an amorphous glass (path ABO). The sample
was then reheated to 393.2 K at a heating rate gy, (path
OCA). The cooling rate g. and heating rate g, are
specified later in each corresponding section.

3.2.2. Aging experiments
The molten sugar was cooled (path AB) at a cooling
rate of 10 K/min and aged at a temperature T, about
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Fig. 1. Schematic diagram of the change in enthalpy and specific heat capacity of glucose, fructose, and their mixtures with isothermal aging
at T, (path ABCO’CA) and without aging (path ABOBA). The samples were cooled at a cooling rate g. and heated at a heating rate gy,. H; and
H, are the enthalpies at the beginning of aging and at aging for time ¢, respectively. The equilibrium enthalpy at aging temperature T, is H..
C,,1 is the specific heat capacity of the equilibrium liquid and C,, 4 is that of the glass. T; (unaged) and T} (aged) are the fictive temperatures of
unaged and aged samples, respectively. AH; = H; — H, and 6H = H, — H, respectively. T}, denotes the maximum peak of the heat capacity

curve during reheating scan through the glass transition region.



R. Wungtanagorn, S.J. Schmidt/ Thermochimica Acta 369 (2001) 95-116 99

10K below the T, midpoint (path BC). The aging
temperatures (7,) of glucose, 75G25F, 50GS50F,
25G75F, and fructose are 301.2, 289.7, 282.7,
277.7, and 271.2 K, respectively. An additional aging
temperature of 272.7 K was also used for the SOG50F
sample. The aging time (#,) varied from 5 min to 7
days. As a result of aging, the enthalpy of the sample
decreases from H; to H(¢) (path BC). After aging, the
sample was cooled at 10 K/min to T} (path CO’) and
then reheated at 10 K/min to 393.2 K.

3.2.3. Peak-shift experiment

The molten sugar was cooled at a cooling rate (path
AB) of 10 K/min and aged at T, (see aging experi-
ment) for 720 min in all samples (path BC). After
aging, the sample was cooled at 10 K/min to a temper-
ature of 281.2, 269.7, 262.7, 257.7, and 251.2 for
glucose, 75G25F, 50G50F, 25G75F, and fructose,
respectively (about 30 K below its T, midpoint, path
CO/, instead of 55 K in order to minimize the aging
effect during cooling from 7, to T;). This step was
slightly changed from the original thermal history
described by Hutchinson and Rudy [26] for the
peak-shift method in that the sample was reheated
to Tp immediately after aging without cooling down
to T,. However, the conditions used in this research
were similar to that used by Godard et al. [53] for
2-poly[methyl(a-n-alkyl)acrylates]. The process of
cooling the sample from 7, to T will be considered
to have no appreciable effect on the relaxation process
[54]. The sample was then reheated to obtain the
position of the peak temperature (T},) at five heating
rates of 2.5, 5, 10, 15 and 20 K/min to 393.2 K. These
T, values are used in Section 4.4.

3.3. Calculation and optimization procedures for the
TNM and Adam—Gibbs models

At temperatures well below and well above the
glass transition, the heat capacity data was assumed
to be independent of time and was well approximated
by a linear function of temperature, i.e. heat capacity
in the glass state: C, ,(T) = a + bT and heat capacity
in the liquid state: C,,; = A + BT, where a, b, A, and B
are constants obtained from the linear least squares
fitting to the linear regions of glass and liquid heat
capacities. 7y was determined by measuring the
change in enthalpy as it is heated through the transi-

tion region and was defined in terms of the heat
capacity as [2,20]:

Tx T
/ (Cp1— Cpg) a1’ = / (Cp— Cpg) dr’ “4)
Ty T
where C, is the observed heat capacity, 7' denotes a
dummy variable, and T" a reference temperature well
above the glass transition region where the system is in
equilibrium at the heating or cooling rate of interest.
Experimental C,(T) data were normalized with respect
to the difference between the liquid and glass heat
capacities using the procedure developed by Moyni-
han and coworkers [2,20]. The normalized heat capa-
city, C;I, is defined as the temperature derivative of Ty
at temperature 7, d7¢/dT, written mathematically in

Eq. (5):

o _ 4T

| (Cp—cp«,g)‘r
P dr

T (Cp,l - vag)‘Tr

®)

CE‘ varies from zero in the glassy state at temperatures
well below T,, at which T does not depend on T (or
dT{/dT = 0), to one in equilibrium at temperatures
well above T, (Tt = T). The denominator of Eq. (5)
(Cp1 — Cp ), when the glass and liquid heat capacities
are linearly dependent on temperature, is required to
be determined at the fictive temperature. This T; value
can be evaluated using Eq. (6) [55]:

T,

Tt
H(Tz)—H(T):/T C,,,g(T’)dT’+/T C, (T") a1’
(6)

The term C, ,(T) and C,,;(T) were replaced by a + bT
and A + BT, respectively. Then, Eq. (6) was integrated
and rearranged into the form of a quadratic equation:
MTf2 + NT¢ + Q = 0. Therefore, Ty can be obtained
from solving the quadratic equation with M =
0.5(b—B), N=a—A, and Q = AT, + 0.5BT? —
aT — 0.5bT* — H(T,) + H(T) where T, is the refer-
ence temperature, i.e. the temperature far above T, at
which the sugar is in equilibrium, and 7 is the tem-
perature of interest. The difference in enthalpy at 75
and T, H(T,) — H(T), was obtained by numerical
integration of the experimental heat capacity data.
In order to obtain the TNM and Adam-Gibbs
model parameters, the experimental normalized heat
capacity data calculated using Eq. (5) were fit to the
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model Equations (Egs. (2) and (3), respectively). The
calculated normalized heat capacity data were calcu-
lated using the response of fictive temperature to
heating and cooling at a continuous rate ¢ = d7/dt
based on the Boltzmann superposition. The response
of T; to ¢q is given by Eq. (7) [2] when both non-
exponentiality and non-linearity are taken into
account:

T T i\ B
Tf(T):TO+/ dT’{l—exp[/ (dT) ]} (7N
To 7 \47%0

where T is an initial temperature far above 7, at
which the sample is at equilibrium. T’and 7" are
dummy temperature variables. Eq. (7) was integrated
numerically by treating cooling and heating as a
sequence of temperature jumps AT followed by iso-
thermal holds whose duration was determined by the
cooling and heating rates g, At = AT/q [56]. The
magnitude of AT used in all experiment was 1 K.
Eq. (7) was then rewritten for n temperature jumps
according to the Boltzmann superposition for unaged
samples in the form:

n n B
T;, =Ty + ZATJ 1 —exp|— (Z AT, )
=1

ik T
F = koK

®)

Egs. (2) and (3) were used as 7q in Eq. (8) for the TNM
and Adam-Gibbs models, respectively.

In the case of the aged samples, the method of
calculation of Hodge and Berens [56] was used. This
was carried out by replacing the term AT;/q; in Eq. (8)
with the aging time (z,). The self-retarding kinetics of
physical aging were accounted for by dividing the
aging time into subintervals. To ensure linearity, the
duration of the subinterval AT, was small enough so
that the decay of Ty was less than about 1 K. In this
research, the duration of subintervals was 10s for
samples aged 60 min or below, 100 s for samples aged
over 60—720 min, and 1000 s for samples aged over
720 min. Ty and 7o were calculated at the end of each
subinterval. Since the value of g; becomes zero during
aging, the term AT,/q; cannot be calculated. To solve
this problem, Eq. (8) was modified by holding the
Boltzmann summation over j constant at the beginning
of the aging time (n,) while the summation over k is
increased for each subinterval. Therefore, Eq. (8) for

the aged samples becomes [11]:

n na+n Atk B
Tf,n = TO + ZAT} 1— exXpl — Z m
j=1

k:VlA 7
€))
The calculated C;j corresponding to Eq. (5) is given
by:
N9 Tin = Tin
P dT T,— T,

The kinetic parameters of both models were
obtained by a non-linear optimization technique via
the Levenberg—Marquardt algorithm written in For-
tran 90 [57]. The C 119\1 for the experimental data (Eq. (5))
and calculated C}:’ (Eq. (10)) were minimized in order
to obtain the best fit. The apparent activation energy,
AR*/R (in Eq. (2)) and Q (in Eq. (3)) were obtained
from an independent experiment and used in the
program as constants. The first guess value of both
parameter x and f in the first loop of the optimization
program was started at 0.5. The first guess value of the
pre-exponential factor A was roughly estimated from
Eq. (11). Eq. (11) was obtained by assuming 7 at 7 to
be 100 s and Tt ~ T, and substituting these values into
Eq. (2) [11]:

(10)

*

Ah
InA=—-———+46 11
n RT! + (11)

4. Results and discussions
4.1. The apparent activation energy (Ah*)

The apparent activation energy, Ak, expresses the
temperature dependence of the relaxation times near
equilibrium. A4" can be estimated independently from
either the heating or cooling rate (¢, g.) dependence
of the limiting fictive temperature (T}, the unaged
fictive temperature) [16,20]:

—Ah*  dlInlg|
R d(1/1))

12)

where R is the ideal gas constant. The values of Ah™/R
for each glass were determined from the thermal cycle
described in the materials and methods section with
equal cooling and heating rates, g, = |¢.| = |¢q|. Four
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Fig. 2. Plot of logarithm of cooling rates In lg.l, versus reciprocal of the fictive temperatures 7} for glucose, fructose and their mixtures. Points
are experimental data, and solid lines are the best-fit lines. The slopes are the Ah"/R.y, values obtained according to Eq. (12).

heating rates were used, 2.5, 5, 10, and 15 K/min. Due
to the limitation of the cooling system which uses
helium as the cooling head purge gas and the low T
values needed (especially in the case of fructose), the
maximum cooling rate possible was 15 K/min. The
heating thermograms of the unaged sugars cooled and
reheated at equal cooling and heating rates are given in
Waungtanagorn [57]. The limiting fictive temperature
(Tf) was determined using the method of Richardson

and Savill [58]. The least-squared values of Ak*/R for
each sugar were determined by the slope of the plot of
In lg.l versus T} (Eq. (12)) and are shown in Fig. 2 and
Table 1 (Ah"/Rcyp). The overall best-fit values of Ah*/R
obtained by four-parameter optimization to the TNM
model, are also reported in Table 1 (Ah*/Rg). It was
found that the values obtained from the dependence of
T} on the cooling rate were consistent with those
obtained by four-parameter optimization to the

Table 1

Limiting fictive temperatures and apparent activation energies, Ah™/R of glucose, fructose and their mixtures®

Sugars T} (K) Al [Rexp (10° K) AlIRg (10° K) SS
Glucose 307.10 £ 0.116 50.422 + 1.8646 48.995 £ 3.6779 0.022
G75F25 297.07 £ 0.042 44.799 £ 2.0739 42.509 £ 0.3646 0.018
G50F50 288.46 £ 0.058 39.788 £ 2.9281 39.610 £ 0.5744 0.006
G25F75 283.03 £ 0.045 35.325 £ 2.6163 35.234 £ 0.8021 0.004
Fructose 276.72 £ 0.071 30.707 £ 2.6651 29.790 + 2.1627 0.006

* The subscript ‘exp’ indicates Ah"/R values were determined from the dependence of 77 on cooling rate lg.| (Fig. 2). The fit subscript
indicates Ah™/R values were obtained by four-parameter fitting (Eq. (2)) of the unaged thermograms to the TNM model, minimizing the sum of
squares of the residuals (SS).
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TNM model. However, the values from the optimiza-
tion were slightly lower than those obtained via the
In gl versus T} plot, which is in agreement with that
reported by Hodge [11].

The value of Ah™/R decreased with increasing fruc-
tose content in the glass. It should be noted that the
value of Ah™ is considered to be too large to be a
simple transition state activation energy. The large
values of Ah™ above T, might be explained in terms of
the cooperative translational molecular motions of
many atoms so that the activation energy is shared
by a large number of relaxing species [10].

Values of Ah*/R for other sugars have been reported
in the literature, such as 78.5 x 10° K for maltose
[14], 42.2 x 103 K for sorbitol, and 44.1 x 10% K for
fructose [59] using equal heating and cooling rates in
the range of 2.5-20 K/min. The values of AA™/R
increased to 86.12 x 103 and 84.44 x 10° K for sor-
bitol and fructose, respectively, when unequal cool-
ing—heating rates were used, i.e. cooling at rates
ranging from 1.25 to 20 K/min followed by heating
at a fixed rate of 10 K/min [59]. The value of Ah*/R of
fructose reported in the present study was somewhat
lower than the value reported by Simatos et al. [59].

The difference in AR*/R values reported here com-
pared to the literature may be due to two factors, the
decomposition and the relaxations above T, in fruc-
tose. The former factor arises from the large difference
in the melting temperatures of glucose and fructose.
The onset melting temperatures of glucose and fruc-
tose were found at 431.44 K (158.24°C) and 386.78 K
(113.58°C), respectively, which is about 45 K apart
from each other. The large difference in melting
temperatures of the sugars caused a portion of the
fructose component in the mixtures to decompose
before the glucose was completely melted. The
decomposition of fructose may be responsible for
the low value of Ah™. The later factor arises from

the complexity of the relaxation above T, in molten
fructose. Parameter Ah™ refers to the apparent acti-
vation energy in the equilibrium state above T,. How-
ever, the fructose liquid obtained on fusion is initially
not in the equilibrium state. Slow relaxation processes
can occur in the liquid above T, due to the coexist of at
least six structurally distinct conformers of the fruc-
tose molecule; i.e. two anomer forms (o-fructopyra-
nose and B-fructopyranose) of each of the 'C4 and *Cy,
a-fructofuranose, and B-fructofuranose [60-62]. Each
conformer has a different energy level. The composi-
tion of the conformers, the rate of tautomerization, and
the equilibrium state of the liquid are a function of
temperature with different time scales for equilibra-
tion [62].

Furthermore as pointed out by Hodge [11], a wide
range of cooling rates is needed for accurate evalua-
tion of 7} for high values of Ah™, because of the large
uncertainties in 7}, usually & 0.5 K, for polymers. The
limitation of the DSC cooling system and the low glass
temperature of fructose confined the maximum cool-
ing rate used in this research to 15 K/min.

4.2. TNM model parameters

The TNM model parameters (In A, x, and f3; Eq. (2))
were determined using the Levenberg—Marquardt
optimization procedure which minimizes the sum of
squares of the residuals (SS) of the experimental and
calculated normalized heat capacity data. The best-fit
TNM parameters of the unaged sugars using the fixed
Ah*/Rexp values obtained from the least squares values
of In lg| versus T} plot (Fig. 2; Table 1) are reported in
Table 2. Fig. 3 shows the representative best-fit nor-
malized heat capacity curves of the unaged thermo-
grams of the sugars heated at 10 K/min using the TNM
parameters in Table 2. The results show that the values
of InA and x increased with increasing fructose

Table 2

Best-fit TNM model parameters of unaged glucose, fructose, and their mixtures (Eq. (2)), minimizing the sum of squares of the residuals (SS)*
Sugars In A (s) X p SS
Glucose —159.43 £+ 0.574 0.497 £ 0.0212 0.643 £ 0.0269 0.022
G75F50 —146.20 £+ 0.021 0.516 £ 0.0086 0.570 £ 0.0054 0.018
G50F50 —133.55 £+ 0.406 0.656 £+ 0.0103 0.498 £ 0.0012 0.006
G25F75 —120.75 £+ 0.049 0.717 £+ 0.0257 0.472 £ 0.0085 0.004
Fructose —106.96 £ 0.097 0.755 £ 0.0026 0.505 £ 0.0295 0.006

* The Ah*/R.y, values were used as a constant for each sugar reported in Table 1.
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Fig. 3. Representative best-fit normalized heat capacity curves (solid lines) of unaged heating thermograms of glucose, fructose and their
mixtures heated at 10 K/min using the TNM parameters in Table 2. Points are experimental data.

content. Whereas the values of f§ generally decreased
as the fructose content increased. The overall fitting
uncertainty in x and f for duplicates at a cooling-
heating rate of 10 K/min was smaller than £0.03
which is consistent with results for polymer samples
reported by others, about +0.05 for each parameter
[10,20,63]. The pre-exponential factor A in the TNM
model is the relaxation time in equilibrium at an
infinitely high temperature. The magnitude of A is
usually large in polymers and also in sugars as shown
in Table 2. The value of A has no physical interpreta-
tion. However, the value of In A is related to the values
of Ah*, for example, the change in In A moves the
dTy/dt versus T curve along the T axis by an amount
AT =~ (Rng/Ah*)AlnA [11].

The exponent f is a non-dimensional relaxation
parameter, which is inversely proportional to the
corresponding width of the relaxation-time distribu-
tion. Parameter f§ is equal to one for a single relaxa-
tion-time behavior or a single exponential decay. For
relaxation of all materials, f§ is less than one. Smaller
values of f§ correspond to an increase in the distribu-
tion of relaxation times. In glucose—fructose systems,
the value of § was found to decrease from 0.643 in

pure glucose to 0.498 in 50% fructose content. At
higher ratios of fructose (over 50% fructose content),
the value of f§ appeared to be unchanged within the
range of the standard deviations. The average f values
of the 50% fructose, the 75% fructose, and the pure
fructose was 0.492 + 0.021. The initial decrease in 3,
as the fructose content increased, reflects a broadening
of the distribution of the enthalpy relaxation times.
Howeyver, the width of the distribution of the relaxation
times appeared to be unchanged when the fructose
content was higher than 50%. A similar result was
found for the Agl-AgPOj; glass system in that Agl
content decreased the width of the distribution of the
relaxation times as the Agl content increased to 10%
and additional Agl did not show a detectable effect on
the distribution [64]. The value of f§ for smaller mole-
cules is generally higher than that of polymers; for
example the f§ for PVAc and PVC is about 0.27-0.41
and 0.11, respectively, whereas the 5 for small mole-
cule such as LiCl is 0.68 [10,11]. The values of f for
both glucose and fructose found in this research are
similar to those reported for sucrose (0.4-0.8) [65], but
in generally are higher than those reported for poly-
mers [11]. In the case of polymers, the parameter 8
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was also interpreted as a measure of the degree of
cooperativity defined in terms of the number of chain
segments involved in a particular relaxation event [66].
Low values of B correspond to a high degree of coop-
erativity and a large number of chain segments result-
ing in a large activation energy for the relaxation event.

The non-linearity parameter x (1 > x > 0) defines
the degree of non-linearity, i.e. the relative contribu-
tions of temperature and structure to the relaxation
time. A value of x equal to one indicates that the
relaxation time is due entirely to the absolute tem-
perature of the system. On the other hand, a value of
1 — x defines the part of the relaxation time, which is
dependent on the structural state of the system as
characterized by the fictive temperature. Glucose
has a value of x around 0.5 indicating that there is
an equal temperature and structural state dependence.
However, the temperature dependence became stron-
ger (or the degree of non-linearity became weaker) as
the amount of fructose increased as manifested by an
increase in the value of x.

A strong correlation among the relaxation para-
meters A, AR, x, and f§ obtained from the curve-fitting
method and peak-shift method has been found for a
variety of polymeric, organic, and inorganic glass
even though these correlations are not clearly under-
stood [10,30,66,67]. A high value of Ah" is generally
associated with low values of In A,  and x. A high
value of x is generally associated with high values of f3.
This inverse correlation of A#Z™ and InA or x is in
agreement with the results reported in this research,
i.e. a high value of Ah™ for glucose was associated with
low values of In A and x as shown in Table 2. However,
the f§ values in the glucose—fructose systems decreased
as the x value increased, which is in contrast with the
correlation of x and f§ for most polymers [10,66].

Table 3

4.3. Adam—Gibbs model parameters

Like the constant value of A%*/R in the TNM model,
Q/R in the Adam-Gibbs model can be used in the
fitting program as a constant. The analogous equation
to Eq. (12) for the Adam-Gibbs equation can be
expressed as [1,9]:

dln|g| Ah* -0

a4 . 13a
d(1/17) R RO -T/17)? 1
or

Q_am (| T\ a3b)
R R T|

The values of AR™/R for each sugar were obtained from
the slope of the plot of Inlg.l versus T{ (Ah*/Rey,
reported in Table 1). The value of 7} in Eq. (13b) for
each sugar was set to the value of 7} of the unaged
thermogram at a heating rate of 10 K/min. The
Adam-Gibbs model parameters (InB, 7, and f,
Eq. (3)) were determined using the Levenberg—
Marquardt optimization procedure and are reported
in Table 3. The representative best-fit normalized heat
capacity curves of unaged sugars heated at 10 K/min
using the Adam-Gibbs parameters are shown in
Fig. 4. The Q/Rg, values were obtained by fitting
the experimental normalized heat capacity data to
the Adam-Gibbs model directly without using the
known values of Ah*/R.., from the cooling rate
dependence of the limiting fictive temperature
(Table 1). The Q/R., values were recalculated using
Eq. (13b) with the fitted T, value. As can be seen from
Table 3, the values of Q/Rg; and Q/R., are quite
similar. It was found that Q/R increased with increas-
ing fructose content. In contrast, the values of 75 and 8

Best-fit Adam—Gibbs model parameters of unaged glucose, fructose, and their mixtures (Egs. (3) and (13a)), minimizing the sum of squares of

the residuals (SS)*

Sugars In B (s) O/R;;, (10° K) O/R.1 (10° K) T, (K) B SS

Glucose —75.469 + 1.8611  11.876 + 0.8766  12.000 =+ 0.7027 157.327 + 4.3656 0.650 =+ 0.0284 0.021
G75F50 —72.712 + 12461  12.111 + 0.5635 11.771 + 0.3747 144.806 + 2.4174 0.576 + 0.0052 0.017
G50F50 —85.445 + 0.9247  16.740 £ 0.1448 16.873 + 0.4992 100.620 + 2.7787 0.501 =+ 0.0007 0.006
G25F75 —85.0034 + 29528  17.918 + 0.5951 17.999 + 1.2131 81.0567 + 6.8104 0.475 + 0.0077 0.003
Fructose —79.1533 £ 0.3204  17.707 + 1.2872 17.246 + 0.172°5 69.342 + 1.0368 0.508 + 0.0295 0.041

* O/Rg was obtained from four-parameter fitting (Eq. (3)) and Q/R., was obtained by recalculating using Eq. (13b) with AA"/R.y;, values
reported in Table 1.
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The Adam-Gibbs model
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Fig. 4. Representative best-fit normalized heat capacity curves (solid lines) of unaged heating thermograms of glucose, fructose and their
mixtures heated at 10 K/min using the Adam-Gibbs parameters in Table 3. Points are experimental data.

decreased as the fructose content increased. No trend
between In B and the fructose content was observed.
The values of f from the Adam—Gibbs model were
found to be consistent with those found for the TNM
model within the range of the standard deviation.

The values of T, obtained from the Adam-Gibbs
model using the enthalpy relaxation data have been
found to be very similar to the Kauzmann temperature
Tk for some materials, such as As,Se, and B,O5 [10].
The values of T,, therefore, may be used to estimate
the value of T for the sugars (even though there are
some polymers such as polystyrene for which T, is
somewhat different than Tx). The approximate rela-
tion between the TNM and Adam-Gibbs parameters
was derived from the temperature derivatives of 7 in
the equilibrium (7 = T) state and the glassy (T = 7})
state as reviewed in detail by Hodge [11]. The approxi-
mated values of parameter x can be found by the
relation of x and T, expressed as [9]:

~1- (2
xm (Té) (14)

The x values calculated using Eq. (14) for the
Adam-Gibbs model are shown in Table 4 and can

be compared to the x values for the TNM model
(Table 2). It was found that the x values for the sugars
obtained from the TNM model were in agreement with
those obtained from the Adam-Gibbs model via
Eq. (14) within the same standard deviation. Accord-
ing to Eq. (14), the values of parameter x indicates the
proximity of 7} to T, [10]. In an unaged sample, T}
approximately equals T, and T, approximately equals
Tx. The relation between x and T/T,, therefore,
suggests that non-linearity is determined by how close

Table 4
The values of the parameter x for the Adam-Gibbs model
calculated using the Eq. (14)*

Sugars x, Adam— Ty, inflection T, -1
Gibbs model (K) (K)
Glucose 0.488 + 0.0142 312.01 + 1.093 154.68
G75F25 0.513 £ 0.0081 301.66 + 0.120 156.86
G50F50 0.651 + 0.0096 292.76 + 0.481 192.14
G25F75 0.714 £ 0.0241 286.93 + 0.467 205.87
Fructose 0.749 + 0.0038 280.06 + 0.191 210.72

a T, inflection and Ty — T values of glucose, fructose and their
mixtures. Inflection glass transition temperatures were obtained
from the TA Analysis Solution software [51].
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the kinetic 7, is to the thermodynamic Tk [68].
As T, approaches T, and the number of thermally
accessible configurations is reduced, the relaxation
time becomes increasingly dependent on structure
and x decreases, i.e. more non-linear [23]. As shown
in Table 4, T, — T, decreased from pure fructose
to pure glucose and was associated with a decrease
in the values of x, supporting the statement by Hodge
[23].

4.4. Evaluation of parameter x using the peak-shift
method

In addition to the curve-fitting method, the non-
linearity parameter x can be determined via the depen-
dence of the peak temperature T}, on four experimental
variables (heating rate gy, cooling rate g., aging
temperature T,, and the enthalpy loss Jy). This is
referred to as the peak-shift method. If three of the
variables are keep constant, the effect of only one
variable on the peak T}, can be found. The dependence
of the peak T, on each of these experimental variables
are quantified as peak shifts, which are normalized to
give dimensionless quantities [24,26-29,69]. For
example, in this research, the effect of the heating
rate on the temperature shift was evaluated and is
defined in Eq. (15):

. _ oT, _
5(0n) = 9(81n qh) qu’méH— 0(my,) (15)

where 0 is a material parameter characterizing the
temperature dependence of the relaxation times at
equilibrium [69] and my,, is the slope of the plot of
T, and In g,

The effects of each variable on the temperature shift
actually are interrelated and depend critically on the
non-linearity parameter x as expressed for the depen-
dence of T}, on the heating rate in Eq. (16) (in which
the cooling rate, the aging temperature and aging time
were keep constant) [26,28,29]:

$(0n) — 1 = F(x) (16)

Theoretically, the dependence of F(x) on x has been
shown to be essentially independent of the distribution
of relaxation times and the function F(x) approaches a
simple hyperbola (Eq. (17)):

lim F(x) — f(x) = (x ' = 1) (17)

The values of 6 and activation energy, Ah*/R, are
related and can be obtained using the dependence of
the limit fictive temperature, 7, on the cooling rate, g.
(Eq. (18)) [38]. According to Eq. (18), the value of 6
for each sugar can be determined from the slope of the
best-fit line:
dln|q.| Ah*c

dry RT}? (18)

The plot of Inlg.l versus 7} is shown in Fig. 5.
Similarly to AA*/R, the value of 0 decreased from
glucose (0.538) to fructose (0.404) (Table 5). The
degree of temperature dependence and the enthalpy
relaxation rates are controlled mainly by the parameter
(1 — x)0. Materials with higher values of parameter
(1 — x)0 exhibited a low relaxation rate, such as
vinylic polymers PVC, and vice versa for the lower
values of (1 —x)0 as in As,S3 or inorganic glasses
[70,71]. If we consider the parameter (1 — x)0 of the
sugars in Table 5 (using the TNM x values from
Table 2), the enthalpy relaxation rate of glucose is
expected to be higher than that of fructose.

The dependence of the peak temperature, T}, on the
heating rate, gy, was evaluated by using five heating
rates of 2.5, 5, 10, 15 and 20 K/min with a fixed
cooling rate of 10 K/min. The heating thermograms
of each aged sugar at an aging temperature about 10 K
below its T, for 720 min and rescanned at the five
heating rates are giving in Wungtanagorn [57]. The
aging temperatures are shown in Table 6. The plot of
T, versus In gy, is shown in Fig. 6. A linear dependence
of the peak temperature and the heating rate was
found. The slopes my,, of the plot for each sugar are
shown in Table 6, along with the values of the shift,

Table 5

Parameter 0 obtained from the plot in Fig. 5 with regression
coefficient Rz, parameter (1—x)0 of glucose, fructose and their
mixtures®

Sugars 0 (1—-x)0
Glucose 0.538 + 0.0204 0.271
G75F25 0.510 + 0.0241 0.247
G50F50 0.481 + 0.0354 0.166
G25F75 0.444 + 0.0148 0.126
Fructose 0.404 £+ 0.0349 0.099

? The non-linearity parameter x values are obtained from fitting
to the TNM model (Table 2).
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Fig. 5. Plot of In lg.| vs. T{ of glucose, fructose and their mixtures. The least squared values of @ for each sugar were determined by the slope

of the plot of In Ig | vs. T} (Eq. (18)).

5(Qp) obtained from the multiplication of the m,, and 0
(Table 5) according to Eq. (15).

The values of the parameter x for each sugars were
obtained via the f(x) function in Egs. (16) and (17).
Since the peak temperature 7, depends on the cooling
(g.) and heating rate (gy,) a correction for thermal lag is
required before applying the peak-shift method [72].
Theoretically, the unaged endotherm of the same
cooling-heating rate ratio should have the same peak
width. The correction can be done by adjusting the

Table 6

peak position with a scaling factor, F,, = Wyo/W,_,
where Wy is the peak width of the reference heating
rate, for example at 10 K/min, and W,, is the peak
width at other cooling rates. However, in this experi-
ment, the peaks of the unaged sugar thermograms
were very small. The peak became smaller with the
addition of fructose and at lower cooling-heating rates.
Therefore, the values of the T}, peaks used for the plot
in Fig. 6 were obtained from the thermograms without
taking the thermal lag effect into account. However, as

Aging temperatures T,, slope Mg, of the linear regression of the peak temperatures versus the logarithm of the heating rate, the values of 5(Qy,)

shift, and parameter x calculated from $(Qy,) for glucose, fructose and their mixtures

Sugars

T, (K)

mqh

5(On)

X, S(On)

Glucose
G75F25
G50F50
G25F75
Fructose

301.2
289.7
282.7
271.7
271.2

3.348 £ 0.1014
3.160 £ 0.1690
3.180 £ 0.1282
3.154 £ 0.1247
2.999 + 0.0303

1.784 £ 0.0134
1.613 £ 0.0090
1.531 £ 0.1747
1.398 £ 0.1008
1.210 £ 0.1171

0.553 £ 0.0041
0.629 + 0.0036
0.653 £ 0.0740
0.734 + 0.0541
0.824 + 0.0791
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Fig. 6. Heating rate dependence of the peak temperature of the sugar glasses. Heating rates of 2.5, 5.0, 10, 15, and 20 K/min were used. Aging
temperatures for glucose, G75F25, G50F50, G25F75, and fructose were 301.2, 289.7, 282.7, 277.7, 271.2 K, respectively. Aging time and
cooling rate were fixed at 720 min 10 K/min, respectively. The slopes are the mg, values obtained according to Eq. (15).

shown by Hutchinson et al. [72], the dependence of T},
on the cooling rate is far from linear relation if a wide
range of cooling or heating rates was chosen. In order
to minimize the thermal lag effect, the maximum
cooling and heating rates were limited to 20 K/min.
The regression coefficients (R?) of the linear squares
fit shown in Fig. 6 were very close to one.

The values of parameter x obtained from the peak-
shift method (Table 6) followed the same trend as
those obtained by the curve-fitting method (for the
TNM (Table 2) and Adams—Gibbs models (Table 4)),
i.e. parameter x increased as fructose content
increased. However, the values found by the peak-
shift method were higher than those found by the
curve-fitting method. The higher value of x may be due
to the lack of the thermal-lag correction and/or from
using the function f{x) instead of F(x). The function
F(x) was actually derived from the spectrums of
relaxation times such as single box or double box
spectrums. The function f(x) is believed to be very
close to the upper limit of F(x). The value of x
estimated from Eq. (17) was found to be higher than
its actual value by approximately 0.05-0.1 and the
range of uncertainty was determined by the degree of

aging before reheating [29]. If the uncertainty of
0.05-0.1 is taken into account, the values of x from
both methods yield similar results. The peak-shift
method, therefore, allows the parameter x to be deter-
mined directly and simply from the theoretically
calculated variation of the f{x) curve (Eq. (17)) without
any assumptions about the form of the relaxation time
distribution.

The function F(x) is essentially independent of the
distribution function and of other material parameters,
such as 0 and AC,. The value of F(x), however, is
sensitive to the parameter x, particularly within the
range 0.2 < x < 0.6. The parameter x values for glu-
cose obtained from both curve-fitting and peak-shift
methods fall within this range, but that for fructose
slightly exceeds this range. The peak-shift method,
therefore, may yield more accurate results for glucose
or glucose—fructose mixtures than pure fructose.

4.5. Fragility index (m)
The ““strong/fragile liquid™ classification for liquids

was proposed by Angell [15,39-45]. Angell and cow-
okers used this concept to classify supercooled



R. Wungtanagorn, S.J. Schmidt/ Thermochimica Acta 369 (2001) 95-116 109

materials into ““strong” and ‘““fragile’” liquids accord-
ing to the change in their dynamic properties, such as
viscosity, in the temperature range above 7. In other
words, this strong/fragile liquid classification is an
indicator of the sensitivity of the liquid structure to
temperature changes. The concept of fragility was
simplified for systems near the glass transition tem-
perature by introducing a parameter called “the fra-
gility m” index [44,45,48,73]. The fragility index is
defined as the slope at the T, of the Ty-scaled (To/T)
Arrhenius plot of any relaxation time parameter, such
as the log of the viscosity (which is proportional to the
relaxation times) versus T,/T. Therefore, the classifi-
cation is based on the different responses of amor-
phous materials with different molecular structures to
changes in temperature. Strong liquids, such as SiO,
and GeO,, exhibit Arrhenius temperature-dependent
behavior (a nearly linear dependence of the log of its
relaxation times or viscosity on the inverse of tem-
perature, i.e. the slope does not change much when
temperature increases above T,). Strong liquids typi-
cally show a very small jump in C, and a low activation
energy at T,. Fragile liquids, such as o-terphenyl, on
the other hand, exhibit non-Arrhenius temperature
dependent behavior and a rapid decrease in viscosity
with increasing temperature. Fragile liquids typically
show a very large jump in C, and a very high apparent
activation energy at T, [15,39,41]. Based on the
definition of the fragility index m is defined in terms
of the activation energy Ah* [74]:

Ah*

- 1
2.303RT, (19

Simatos et al. [75] recommended T, inflection
(Table 4) as the T, value used in Eq. (19).

The fragility index values calculated from the acti-
vation energy via Eq. (19) are given in Table 7. The
fragility index decreased systematically from 70.2 in
glucose to 47.6 in fructose indicating that glucose was
more fragile than fructose, moreover, an addition of
fructose decreased the fragility of the mixtures.

The strong-fragile concept actually describes the
temperature dependence of the viscosity or average
relaxation times in the equilibrium liquid [25]. The
interpretation of the glassy relaxation behavior using
the strong-fragile classification was attempted via the
correlation of fragility with both characteristics of
relaxation, non-linearity and non-exponentaility.

Parameter x, usually characterized as the degree of
non-linearity, was found to exhibit an inverse correla-
tion with fragility in some glass-forming polymers
[25,48]. The inverse correlation of m and x is con-
sistent with the values of x in Tables 2, 4 and 6 and m
(calculated from Eq. (19)) in Table 7. The higher value
of x in fructose is associated with a lower value of m,
compared to those same values in glucose. The addi-
tion of fructose produced a stronger liquid, which
exhibited more Arrhenius temperature-dependent
behavior than pure glucose. The mixtures tended to
deviate from Arrhenius behavior and became more
fragile as the glucose content increased.

The correlation of the parameters m and x is
described using Eq. (20) [48]:

Mimin

mié)(x— 1)+1 (20)
where my,;, equals 16 and 9 = T}/T, > 1. Eq. (20)
reduces to m = mpiy/x for Ty = T,. Experimentally,
Eq. (20) has been shown to hold for values of 3 which
range between 1.0 and 1.2 (1.0 < 3 < 1.2). The esti-
mate of m,,, is about 200 based on the statistics of
Voronoi polyhedra [47]. If a scale of 16 (m,;,) to 200
(mmax) 1S used, both glucose and fructose are consid-
ered to be on the strong side of the scale.

The values of 9 = T} /T, for the sugars are reported
in Table 7, where T, is the onset glass transition
temperature. Eq. (20) was used to calculate the fra-
gility index values using 9 = T{/T, and the non-
linearity parameter x obtained from the TNM
(Table 2) and Adam-Gibbs (Table 4) models and
the peak-shift method (Table 6). Although the values
of & calculated from T¢/T, were in the range of
1.0-1.2, the values of the fragility index calculated
from Eq. (20) (Table 7, mrnm, Madam—Gibbss 15(COn))
were only about half of the m obtained using the
activation energy (Table 7, Eq. (19)). When the values
of 9tnm, Fadam-Gibbs, and g, are calculated via
Eq. (20) using their respective non-linearity parameter
x values and m values obtained from the activation
energy (Ah*/R) calculation (Table 7, Eq. (19)), the
values of 91nm, Fadam-Gibbs, and I, exceeded the
effective range of 3 found for Eq. (20). The plot of
the fragility index m determined from the activation
energy (Table 7, Eq. (19)) versus the non-linearity
parameter x for all samples obtained from the TNM
and Adam-Gibbs models and from the peak-shift



Table 7

Fragility index (m) calculated from Eq. (19), onset glass transition temperature Ty onser» the ratio of T} and Ty gneer (%), and fragility index m using Eq. (20) with the values of
parameter x obtained from the TNM and Adam-Gibbs models, and the peak-shift method®

Sugars Fragility index, m Ty onser (K) §=T{/T, MTNM MAdam-Gibbs m; 1M I Adam—Gibbs 95

Glucose 70.171 £ 0.2460  307.92 + 1.384 0.997 + 0.0045  32.14 £+ 1.431 32.75 £ 1.086 28.85 +£0.213 1.54+0.065 1.51 + 0.041 1.73 + 0.016
G75F25 64.486 + 0.0257  296.79 + 0.092 1.001 4+ 0.0003  31.05 £+ 0.528 31.25 4+ 0.506 25.47 +£0.144 1.554+0.035 1.54 £+ 0.026 2.02 £ 0.019
G50F50 59.012 £ 0.0969  287.15 + 0.544 1.004 + 0.0019 2447 + 0.413 24.64 + 0.392 24.72 +2.822 2.1240.062 2.09 + 0.056 2.15 + 0.459
G25F75 53.458 £+ 0.0870 280.51 4 0.863 1.009 £ 0.0031 22.40 + 0.841 22.52 + 0.797 21.94 £+ 1.639 2.4940.225 2.46 + 0.205 2.69 + 0.546
Fructose 47.610 £ 0.0325 274.08 + 0.615 1.010 £ 0.0023  21.26 + 0.090 21.42 + 0.125 19.56 + 1.899 2.714+0.028 2.65 + 0.039 4.19 + 1.877

% The values of 31nm, Fadam-Gibbs, and S(Qp,) were recalculated using Eq. (20) with the values of m (calculated from Eq. (19), column one above) and parameter x obtained from

the TNM model, Adam-Gibbs model, and the peak-shift method.
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Fig. 7. Fragility index m determined from the activation energy (Ah*/R, Eq. (19)) vs. non-linearity parameter x of all samples obtained from
the TNM and Adam—-Gibbs models and from the peak-shift method. The dash line and the solid line were calculated according to Eq. (20) with

the values of 9 = 1 and 9 = 1.2, respectively.

method is shown in Fig. 7. The dash line and the solid
line were calculated according to Eq. (20) with the
values of 9 =1 and 1.2, respectively. The fragility
indexes are not in the range that Eq. (20) can predict
accurately (between dash and solid lines). Eq. (20),
therefore, might not be appropriate for describing
the relation of the non-linearity parameter x and the
fragility index in the glucose—fructose system. The
values of m and x for some polymers do not
follow Eq. (20), such as poly(stylene) — PS, poly-
(vinylacetate) — PVAc, and 75Pb(PO;),—25Fe,0;
[48]. However, the expected trend between x and m
for the sugar systems studied was still observed, i.e.
the value of m decreased as the parameter x increased.

The general correlation between the non-exponen-
tiality parameter f and fragility index m is also
expected and shown by some materials

[25,47,48,76]. Using the data for m and the width
of the relaxation time distribution of 70 glass forming
materials, Bohmer [48] showed that a fragile liquid
(high value of m) is expected to have a broader
distribution of relaxation times (low value of f)
compared to a strong liquid. The glucose—fructose
system, however, does not show the inverse correla-
tion of m (Table 7, Eq. (19)) and § (TNM in Table 2
and Adam-Gibbs in Table 3). It should be pointed out
here that the change in f§ with increasing fructose
content is considered to be small, particularly when
the fructose content is over 50% (compared to a wider
range in f among 70 glass forming materials) and the
m value of glucose is considered to be close to that of
fructose (on a scale of 16-200). Therefore, the glu-
cose—fructose system does not show the clear correla-
tion of m and f as found in polymers.
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Although the relaxation data can be used for eval-
uating the fragility, different types of relaxation data
may not yield the same fragility index. If the Vogel-
Tammann-Fulcher (VTF) parameters (T, and B) are
known, it is possible to calculate the fragility index
from Eq. (21) [42,44,45]:

5907,
B

m=16+ (relaxation time) (21a)

m=17+ (viscosity) (21b)

666T,

B
Eq. (21a) and (21b) are used for the quantities under
analysis on the relaxation time data and viscosity data,
respectively. The term B/T, is called the strength
parameter D which is related to m, i.e. a strong liquid
has a large D and a fragile liquid has a small D
[44,45,48,75].

Using the viscosity data from the paper of Ollett and
Parker [77], Angell et al. [44,45] noted that fructose
was stronger than glucose; with values of m being 105
(B=1926 and T, =256) and 80 (B =2391 and
T, =227) for glucose and fructose, respectively.
These values are somewhat larger than those obtained
in this research, but both results show the same trend;
i.e. the fragility index m of glucose is higher than that
of fructose.

Perez and Cavaille [78] proposed another parameter
m™ which is similar to m proposed by Angell [15]; m”
is calculated from the difference between the apparent
activation energies at above and below T:

*T>Ty *T<Ty
s — D RTN‘ (22)
g

The values of Ah*T>T: and AR*T<": are obtained from
the VFT parameters B and T:

BRT,
AR T<le = ——£ (23a)
(T, = T)
BRT?
ATl = — £ (23b)
(T, = T)
By using the VTF parameters from the paper of Ollett
and Paker [77] (B=1926K, T,=256K,
T, =304K for glucose and B=2391K,

T, =227K, Ty = 283 K for fructose), m" was calcu-
lated as 214 for glucose and 173 for fructose. The
values of m™ are very large compared to the values of m

but still give the same prediction that fructose is
somewhat stronger than glucose.

The discrepancy in the m values between the lit-
erature and this study may arise from the difference in
the type of relaxation data used, i.e. viscosity, dielec-
tric and enthalpy relaxation data, and the means of
calculation. Another example is found for sorbitol.
The value of m for sorbitol calculated by Simatos et al.
[59] via the parameter B and T, of the Vogel-Tam-
mann—Fulcher equation using the viscosity data of
Angell and Smith [79] was about 94 which is similar to
the value calculated from the dielectric relaxation
data, 93 [74] but different from the value determined
by mechanical spectroscopy which was 49 [59]. With
the same methods used in the present paper, Simatos
et al. [59] determined the fragility parameter from the
activation energy Ah* (obtained from the plot of In g,
versus 1/77) and found that the value of the fragility
parameter (m) was about 66—81 in sorbitol and about
66-71 in fructose. The higher value of fragility in
fructose was associated with the higher value of Ah™
compared to the Ah™ obtained in this research. The
difference in the value of AA™ has been discussed
earlier in Section 4.1.

Besides using relaxation data (activation energy and
non-linearity parameter x) to determine the fragility of
a material, other parameters such as AC, or C,,/C, o
and melting point to glass transition ratios (7;,/T) can
also be used as indicators to classify the strong and
fragile liquids. Strong liquids tend to have a small
jump in heat capacity or a low value of Cy,;/C, s < 1.1
at T, a value of T,,,/T, (in K) of 1.5 or greater, and vice
versa for fragile liquids [9,10,43-45,59]. In this
research, the melting points of glucose and fructose
were found at 431.144 £ 0.11 and 386.78 + 0.32 K,
respectively. Using the inflection glass transition
temperatures in Table 4, the ratio of T,,,/T, for glucose
and fructose were found to be virtually the same
(Table 8). Both sugars also had the same AC, at T,
midpoint (Table 8) and there was no trend observed in
the values of AC,, (Table 8) or C,,)/C,, , (Table 8). The
values of T,,,/T, for both sugars are less than 1.5 and
the values of AC,, are higher than for typical polymers,
e.g. 0.28 J/g K for polystyrene [80]. Although the
distinction between the sugars was not obvious from
C,1/Cp g or T1/T,, both sugars could be considered as
fragile liquids compared to other typical polymers.
This is the opposite conclusion reached when m was
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Table 8

Melting point Ty, the ratio of the melting point to the inflection glass transition temperature 7,,/T,, of glucose and fructose and the change in
heat capacity AC,, ratio of liquid to glass heat capacity C,)/C,,, and the ratio of the T, to limiting fictive temperature 7> /T} of glucose and

fructose and their mixtures

Sugars T onset (K) T/ T, AC, (/g K) Cpi/Cps T,/T,
Glucose 431.44 + 0.106 1.383 0.77 + 0.022 1.65 + 0.172 0.512
G75F25 - - 0.75 £ 0.020 1.59 = 0.058 0.488
G50F50 - - 0.78 + 0.018 1.65 & 0.088 0.349
G25F75 - - 0.77 £ 0.015 1.62 & 0.058 0.286
Fructose 386.78 + 0.318 1.381 0.77 + 0.014 1.61 + 0.070 0.251

calculated using the relaxation data (Eqs (19) and
(20)).

The paradox in interpreting the fragility of a mate-
rial when using the relaxation parameters versus the
heat capacity and 7.,/T, data has been previously
reported. For instance, AC, at the glass transition is
larger for sorbitol than for fructose, 1 J/g K for sorbitol
and 0.7 J/g K for fructose [59], based on those values it
could be predicted that sorbitol would be more fragile
than fructose; but both sugars have a similar fragility
index as calculated from the apparent activation
energy. A similar situation was found for cured epoxy
resin. Hutchinson et al. [34] found that partially cured
resin and fully cured resin had the same parameter x
values obtained by the peak-shift method (implying no
change in fragility) but there was an increase in the
value of AC, as the degree of curing decreases (imply-
ing an increase in fragility). There is still has no fully
satisfying explanation for this paradox.

The ratio of T»/T{ (or Tx/T,) from the Adam-Gibbs
model is also a measure of fragility [68]; i.e. more
fragile liquids would produce more non-Arrhenius
glasses with higher T»/T{. The values of T,/T}
(Table 8) along with the values of the parameter x
(Table 4) predicted that glucose was more fragile
(higher To/T}) and more non-linearity (lower values
of x) than fructose.

4.6. Cooling—heating rate and aging effects

The TNM and Adam-Gibbs model parameters
of unaged sugars using the same thermal history as
the data in Tables 2 and 3 but at equal heating
and cooling rates of 15 K/min, instead of 10 K/min
were also obtained (data available in Wungtanagorn
[57]). In addition, the TNM and Adam-Gibbs model

parameters of aged G50F50 at two aging tempera-
tures, 282.7 and 272.7 K, were also obtained (data
available in Wungtanagorn [57]).

It was clearly found that the cooling-heating rate
and aging time affected the model parameters of both
the TNM and Adam-Gibbs models. The increase in
cooling-heating rate yielded an increase in T}, Q/R,
In B, and the non-linearity parameter x for both mod-
els, but a decrease in 7, and 8. The value of In B
generally increased with fructose content, which was
more clearly observed at a cooling-heating rate of
15 K/min compared to that at 10 K/min. The value of
In A, however, was not influenced by the cooling—
heating rate. Theoretically, the value of In A is asso-
ciated with the value of Ah™ via Eq. (11). Since the
Ah*/ReXID values were used as a constant in fitting, the
In A values only changed slightly. O’Reilly and Hodge
[81] also found that both x and f decrease with
increasing heating rate in polystyrene. At low heating
rates (1.25-5 K/min where thermal gradients in the
sample and thermal resistances are believed to be
negligible), x and f both changed significantly with
thermal history which contradicts the original assump-
tion of the models that both x and f are material
constants. They suggested that the TNM and KAHR
models were deficient for polymers and the models
might be defective at the higher cooling-heating rates
as well.

Aging also influenced the model parameters. In
glucose—fructose systems, the values of parameter x,
f and Q/R were generally found to decrease as aging
time increased, while the values of In A, In B, and T,
increased with aging time. By comparing two aging
temperatures for the G50F50 sample, it was found
that the higher aging temperature resulted in higher
values for x and . The increase in the x value as a
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function of aging time and temperature was also found
in polymers such as poly(methyl methacrylate) aged at
375 and 387.5 K [55] and aged at 311, 362 and 380 K
[16], and in inorganic glass such as Li,O-2SiO, [82].
However, there is a controversy in the change in the 8
value due to thermal history. For example, the f value
of poly(methylmethacrylate) increased with aging
time and temperature in the research by Cowie and
Ferguson [55], but remain unchanged in the research
by Tribone et al. [60]. No change in the f§ value with
aging time and temperature was also found in
Li,0-2Si0, [82] which confirms that the thermorheo-
logical simplicity assumption of the model was not
violated. The variance of the fitting of the raw data
appeared to increase with aging time and temperature
in this research (by comparing the sum of squares (SS)
values as the aging time or aging temperature
increased). Tribone et al. [16] stated that the normal-
ized heat capacity curves with nearly equal height
were fit to the TNM model better or worse depending
on the absolute departure from equilibrium, in other
words, depending on the annealing time and annealing
temperature. The model became less accurate as
annealing time increased or the annealing temperature
increased, i.e. the departure from equilibrium became
smaller.

The effect of the cooling—heating rate and aging or
annealing time on the fitting parameters has been
shown in several experiments [22,83,84] but the
underling reasons are not clearly understood. The
slight reduction in f with increasing temperature
was also found in aging of sucrose [65], even though
the TNM model explicitly assumes that f was inde-
pendent of temperature by the assumption of thermo-
rehological simplicity. The breakdown of the model
has been assumed to be caused by the inappropriate
partitioning of the structure and temperature depen-
dence and/or by the inaccurate representation of the
KWW relaxation function for the underlying physical
mechanisms involved in the enthalpy relaxation pro-
cess. However, O’Reilly and Hodge [81] noted that the
failure of the TNM model likely lied in the handling of
the non-linearity since the KWW stretched exponen-
tial function was known to give a good fit to linear
relaxation data near structural equilibrium. The failure
is either because of the incorrect form of (7, T¢) or the
use of the reduced time { (Eq. (1)) to linearize the data
in the TNM and Adam-Gibbs models.

5. Conclusions

The dynamics of enthalpy relaxation near the glass
transition of glucose—fructose systems have been
studied using differential scanning calorimetry. The
evaluation of the relaxation parameters using the
curve-fitting method showed similar results for both
the TNM and Adam—Gibbs models. The higher values
of parameter x for fructose compare to glucose indi-
cate that the temperature dependence of the relaxation
time increased as the amount of fructose content
increased in the system. On the other hand, the lower
values of f for fructose show that it has a broader
relaxation time distribution spectrum compared to
glucose. The decomposition of fructose during melt-
ing and its small relaxation above T, was suspected to
cause the lower value of activation energy Ah™ com-
pared to that found by other researchers. Ignoring the
thermal lag and the use of the function f{x) instead of
F(x) may have produced the higher value of parameter
x for the peak-shift method compared to the curve-
fitting method for the TNM and Adam-Gibbs models.
The relaxation behavior of the sugar systems was
found to correlate to the ““strong/fragile” classifica-
tion. The stronger sugar (fructose) exhibits less non-
Arrhenius behavior and possesses a higher value of x
and the more fragile sugar (glucose) exhibits more
non-linear behavior and possesses a lower value of
parameter x. However, the empirical Eq. (20) was not
found to adequately predict the relationship between
the fragility index and the non-linearity parameter x
in the sugar systems studied. Another expression may
be needed.
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