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The dielectric properties of gelatin in the glassy state were measured from 100 Hz to 1 MHz over
a temperature range of -20 to 60 °C. Samples with different water contents were prepared by varying
the drying time for desalted gelatin solution; they were confirmed to be in the glassy state from
DSC measurements. The dielectric relaxation (the decrease in dielectric constant, ε′, and the
maximum of the dielectric loss, ε′′) was observed for each sample; the relaxation time τ was evaluated
from the peak of ε′′. The activation energy E obtained from an Arrhenius plot of τ decreased with
increasing water content. On the basis of the order of magnitude of E, the dielectric relaxation
observed was considered to be â-relaxation reflecting the local motion of molecules. E and τ seem to
describe the enhancement effect of water on the mobility of gelatin molecules in the glassy state; τ
and E are considered to be suitable parameters for the characterization of the plasticizing effect of
water on a glassy material.
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INTRODUCTION

When the temperature of a glassy material is in-
creased, the material changes to a rubbery state at the
glass transition temperature, Tg. The glass transition
has attracted great interest from food scientists in
recent years because food materials maintain their
physical and chemical stability better in a glassy state
than in a rubbery state. The glass transition tempera-
ture Tg is influenced by food components; in addition,
water is known to act as a plasticizer and depress Tg
(Levine and Slade, 1988). It is therefore important to
determine Tg for predicting food properties and stability.
The glass transition temperature Tg for many foods has
been determined by thermal analysis such as dif-
ferential scanning calorimetry (DSC) and state dia-
grams (Tg versus water content plots) reported (Levine
and Slade, 1993; Orford et al., 1989). Such data have
contributed to the prediction of food properties and
storage stability (Levine and Slade, 1993; Borchard et
al., 1980).

On a molecular level, a glassy material is considered
to be stable because the micro-Brownian motions of the
main chains of the polymers are immobilized. Local
segmental motions, however, remain even in a glassy
state. Polymers in a glassy state approach an equilib-
rium state over an extended period; the volume, en-
thalpy, and entropy of a glassy material consequently
decrease, that is, isotropic annealing or physical aging
(Johari, 1982; Noel et al., 1993). The process of physical
aging appears to be an important aspect of food proper-
ties and stability (Shelly and Amy, 1996). Information
on molecular mobility in the glassy state is therefore
also important as well as Tg data. Thermal analysis,

however, does not provide information about the mo-
tions of the molecular chain.

Dielectric spectroscopy is widely used to study mo-
lecular dynamics in dispersed systems, especially for
synthetic polymers (Maxwell, 1873; Debye, 1929; Mc-
Crum et al., 1967; Johari, 1973, 1985, 1986; Boyd, 1985;
Dorfmüller and Williams, 1987; Johnson and Cole, 1951;
Adachi and Kotaka, 1983; Neagu et al., 1997). With
increasing frequency, the dielectric constant, ε′, often
decreases, and the dielectric loss, ε′′, shows a peak due
to the delay in dipole moments, this phenomenon being
the so-called dielectric relaxation (Maxwell, 1873). From
dielectric relaxation data, one can obtain parameters
reflecting chain mobility: the relaxation time, τ, which
corresponds to the time needed for electric dipoles to
orient in the direction of an electric field, and the
activation energy E evaluated from the Arrhenius plot
of τ. In a glassy state (below Tg), dielectric relaxation,
which arises from the rotation of the side chain of a
gelatin molecule and/or the local segmental motion of
the backbone chain (McCrum et al., 1967; Boyd, 1985;
Dorfmüller and Williams, 1987; Tatsumi et al., 1992)
is observed; this dielectric relaxation is called â- (or
secondary) relaxation. The physical aging of a glass
explained before causes a decrease in the number of
molecules contributing to â-relaxation (Johari, 1985).
The values of activation energy E are evaluated to be
∼100 kJ/mol for synthetic polymers such as poly(methyl
methacrylate) (PMMA) and poly(ethylene terephthalate)
(McCrum et al., 1967). Dielectric relaxation has also
been observed for concentrated sugar-water systems
(Nishinari et al., 1985; Mariastella et al., 1991; Noel et
al., 1992, 1993, 1996; Montes et al., 1997; Murthy et
al., 1994). Dielectric relaxation of proteins or peptides
has, however, not been investigated in concentrated
systems.

Gelatin is a useful fibrous protein, produced from
collagen (Djabourov et al., 1988; Pezron et al., 1991),
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and is used as a food supplement. Some researchers
have reported on the glass transition of gelatin (Fakirov
et al., 1997; Fraga and Williams, 1985; Marshall and
Petrie, 1980). On the other hand, dielectric relaxation
data have been reported for gelatin solution and gels
(Fricke and Jacobson, 1939; Ikeda et al., 1997; Iwamoto
and Kumagai, 1998), but there are few studies on the
dielectric properties of glassy gelatin. Khutorsky and
Lang (1997) measured the pyroelectric and dielectric
properties of triglycine sulfate-gelatin films to examine
the stability of the films during aging. They presented
the frequency dependence of permittivity (ε′) in the
frequency range of 100-105 Hz. The values of ε′ in their
study seem to be apparent ones due to the polarization
of the counterion atmosphere in the electric double layer
surrounding the colloidal particles or electrical polariza-
tion at the electrode-electrolyte interface; quantitative
discussion such as the behavior of τ and E has not been
done.

In this study, prior to the investigation of the behavior
of molecular motions in glassy gelatin involving physical
aging, the water content dependence of the dielectric
properties of desalted gelatin in the glassy state was
analyzed without aging.

THEORY

Measurement of the Dielectric Constant, E′, and
Loss, E′′. The dielectric constant, ε′, and loss, ε”, are
defined by

where C is the capacitance of the sample, C0 is the
capacitance of the empty cell, ω is the angular frequency
()2πf; f ) frequency), and G is the conductance of the
sample. A decrease in the ε′ versus f plot or a peak in
the ε′′ versus f plot is called the dielectric relaxation.

The parameters C and G are expressed using the
admittance, Y, and the relative phase shift, θ, as follows:

By substituting eqs 3 and 4 into eqs 1 and 2, respec-
tively, one can obtain

Evaluation of the Relaxation Time τ and the
Activation Energy E. The relaxation time τ is related
to fmax, the frequency that gives the maximum magni-
tude of dielectric loss ε′′ as follows:

If the temperature dependence of τ is described by the
following Arrhenius type equation, the activation energy
E is calculated from the slope of a semilogarithmic plot
of τ versus 1/T (Arrhenius plot)

where R is the gas constant.

EXPERIMENTAL PROCEDURES

Preparation of Gelatin Films. Gelatin (Nitta Gelatin,
Osaka, Japan; type B, from calf bone, 205 Bloom) was
suspended in water and allowed to swell for 10 min at room
temperature. The sample was then dissolved at 60 °C by
stirring with a magnetic bar for 60 min. The salt was removed
by electrodialysis with a Micro Acilyzer S1 (Asahi Chemical
Industry Co., Tokyo, Japan) at 25 °C. The desalted gelatin
solution was then freeze-dried. The Na+ content in the desalted
gelatin samples was reduced to <1 ppm.

Desalted gelatin films were prepared by “hot-drying” (Mar-
shall and Petrie, 1980) to prevent the formation of structural
order (helix structure or crystallites). A 10% (w/w) aqueous
solution was prepared by dissolving the required amount of
the desalted gelatin and then heating at 60 °C in a polyeth-
ylene Petri dish. The gelatin solution was then kept at 60 °C
for several days until it formed an aqueous film. By varying
the drying days, four samples with different water contents
were obtained; hereafter, the samples are referred to as
samples A-D. Immediately after each sample was prepared,
DSC and dielectric measurements were carried out. The water
contents of samples A-D were determined to be 0.116, 0.0470,
0.0400, and 0.0380 kg/kg of samples, respectively, from the
decrease in weight on drying under vacuum at 60 °C with P2O5.

Determination of Glass Transition Temperature, Tg,
by DSC. The glass transition temperature, Tg, was determined
using a DSC7 (Perkin-Elmer Japan Co., Ltd., Kanagawa,
Japan) calibrated with indium and n-octane. The gelatin
samples prepared were placed in a stainless pan, and the pan
was hermetically sealed. An empty stainless pan was used as
the reference.

The heating rate was 10 °C/min. In this study, the midpoint
between the onset and end temperatures was taken as the
glass transition temperature, Tg.

Dielectric Measurement of Gelatin Films. The temper-
ature of a sample was varied from -20 to 60 °C at intervals
of 10 °C. The temperature was raised to a selected value and
then maintained for 30 min; thereafter, the electrical mea-
surement was carried out. The magnitude of the admittance,
|Y|, and the relative phase shift, θ, of the sample were
measured in the frequency range from 100 to 106 Hz with LCR
meters (Hewlett-Packard Japan, Tokyo, Japan; 4284A and
4285A) equipped with a parallel plate type of cell (Ando
Electric Co., Tokyo, Japan; SE-70) at the selected temperature.
The dielectric constant ε′ and the loss ε′′ were calculated using
eqs 5 and 6.

As a preliminary test, the experimental system was cali-
brated using a poly(ethylene terephthalate) film, confirming
that the measured values of ε′ and loss ε′′ coincided with those
measured by Tatsumi et al. (1992) within the error of 5%.

RESULTS

As an example, a DSC heating curve for sample D is
illustrated in Figure 1. The glass-transition temperature
Tg is shown by an arrow; the value of Tg for sample D
was determined to be 145 °C from the midpoints of the
DSC curve. The contour of a DSC diagram of sample D

ε′ ) C/C0 (1)

ε′′ ) G/ωC0 (2)

C ) |Y| sin θ/ω (3)

G ) |Y| cos θ (4)

ε′ ) |Y| sin θ/ωC0 (5)

ε′′ ) |Y| cos θ/ωC0 (6)

τ ) 1/2πfmax (7)

τ ∝ exp(E/RT) (8)

Figure 1. DSC heat flow curves of gelatin-water systems.
Water content ) 0.038 kg/kg; heating rate ) 10 °C/min.
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at the second run (the same sample was cooled rapidly
in the DSC pan, and then the DSC measurement was
carried out again) was similar to that in Figure 1; the
value of Tg at the second run agreed well with that
shown in Figure 1. If the specific heat change observed
in Figure 1 is ascribed to helix-coil transition, the peak
for helix-coil transition would be lost at the second run
(Marshall and Petrie, 1980). Therefore, the specific heat
change observed in Figure 1 is considered to be associ-
ated with glass transition of the gelatin film and not
with an endothermic peak for helix-coil transition. The
gelatin films prepared by hot drying as described before
would contain little helix structure. The values of Tg for
the samples examined in this study are shown in Figure
2. In this study, electrical measurements were carried
out over a temperature range of -20 to 60 °C. From the
DSC data in Figure 2, samples A-D were confirmed to
be in a glassy state in this temperature region. The
dependence of Tg on water content shown in Figure 2
is similar to that for calf bone gelatin reported by Levine
and Slade (1988). According to their data, Tg was
independent of water content above a water content of
0.35 kg/kg of sample, whereas the value of Tg increased
with decreasing water content for samples of water
content of <0.35 kg/kg of sample. They concluded,
consequently, that an amount of water of <0.35 kg/kg
of sample functioned as an effective plasticizer of the
amorphous regions of the gelatin polymer. For the
gelatin examined in the present study, water is also
considered to act as a plasticizer below a water content
of 0.12 kg/kg of sample.

Typical spectra of the dielectric constant ε′ and the
dielectric loss ε′′ for a gelatin are shown in Figure 3.
With increasing frequency, ε′ decreased and the dielec-
tric loss showed a maximum; that is, the dielectric

relaxation was observed for the gelatin in a glassy state.
The relaxation time τ is given not only as the peak of
the ε′′ versus f plot but also as the inflection point of
the ε′ versus f plot (Debye, 1929). It was, however, more
feasible to evaluate τ from the ε” versus f plot than from
the ε′ versus f plot in this study because an inflection
point was difficult to detect, as shown in Figure 3.
Therefore, only the frequency dependence of ε”, not that
of ε′′, will be examined in the subsequent part of this
study.

Figure 4 shows the frequency dependence of dielectric
loss ε′′ for samples A-D at various temperatures; the
peaks of ε′′ (dielectric relaxation) were observed for each
sample. The peaks of ε′′ shifted to higher frequencies
with increasing temperature and were not observed at
high temperature (see panels a-c of Figure 4). At such
a high temperature, the peak of ε′′ would have shifted
to >106 Hz and consequently would not have been
observed in the frequency range examined in this study.
The relaxation time τ was therefore calculated according
to eq 7 only in the temperature range where the peaks
of ε” are observed. Figure 5 shows the dependence of τ
on water content. The value of τ was larger for lower
temperature at an identical water content and de-
creased sharply with increasing water content.

Figure 6 presents Arrhenius plots of τ for samples
A-D. For all of the samples, a linear relationship was
observed, and the activation energies E were obtained
from eq 8. Figure 7 shows the dependence of activation
energy E on water contents. The value of E decreased
from 64.5 to 34.0 kJ/mol with increasing water contents
from 0.0380 to 0.116 kg/kg of sample.

DISCUSSION

As shown in Figure 5, the peaks of ε′′, that is,
dielectric relaxation, were observed for each glassy
gelatin. As explained before, â-relaxation is an intrinsic
property of the glassy state (Johari, 1985), and the value
of its activation energy E is ∼100 kJ/mol. On the other
hand, the dielectric relaxation observed in a rubbery
state (at temperatures around and above Tg) is ascribed
to the micro-Brownian motions of the main chains
(McCrum et al., 1967; Boyd, 1985). This relaxation is
called R- (or the primary) relaxation, and the value of
its apparent activation energy E are 100-700 kJ/mol
for synthetic polymers and sugars (Nishinari et al.,
1985; Mariastella et al., 1991; Noel et al., 1992, 1993,
1996; Montes et al., 1997; Murthy et al., 1994). As
shown in Figure 7, the value of E varied from 64.5 to
34.0 kJ/mol; on the basis of the order of the magnitude
of E, the dielectric relaxations observed for the samples
examined were considered to be â-relaxation reflecting
the local motion of molecules (McCrum et al., 1967;
Boyd, 1985; Dorfmüller and Williams, 1987). It is
generally thought that â-relaxation in amorphous poly-
mers results from rotations of side groups attached to
the main chain and/or from limited motions within the
chain backbone. The relaxation would be ascribed to the
rotation of the side chain of a gelatin molecule and/or
the local segmental motion of the backbone chain
(Johari, 1985; McCrum et al., 1967; Murthy et al., 1994),
although we cannot identify the part of a gelatin
molecule that the relaxation reflects.

Figure 2. Dependence of the glass transition temperature Tg
on water content.

Figure 3. Frequency dependence of the dielectric constant ε′
(O) and loss ε′′ (b) for gelatin-water system at 0 °C. Water
content ) 0.038 kg/kg (sample D).
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In Figure 5, the value of τ was larger for lower
temperature at an identical water content. The relax-
ation time τ can be the time needed for electric dipoles
to orient in the direction of the electric field and
increases as the local viscosity increases (Noel et al.,
1993). A temperature increase would make the local
viscosity decrease, resulting in a decrease in τ. More-
over, as shown in Figure 5, the value of τ decreased

sharply with increasing water content. Water is the
most important plasticizer for food, and, as discussed
before, water is also considered to act as a plasticizer
for gelatin examined in the present study below a water
content of 0.12 kg/kg of sample. Plasticization, on a
molecular level, leads to increased intermolecular space
or free volume and decreased local viscosity (Levine and
Slade, 1993). Local viscosity would be decreased by the
plasticizing effect of water, causing the value of τ to be
reduced, as shown in Figure 5. The relaxation time τ
seems to describe the enhancement effect of water on
the mobility of gelatin molecules in the glassy state. Of
course, the relaxation time τ reflects the movement of
electric dipoles in the electric field. However, a differ-
ence in the mobility of molecular chains among materi-
als could be relatively compared.

As can be seen from Figure 7, the value of E decreased
with increasing water contents from 0.0380 to 0.116 kg/

Figure 4. Frequency dependence of the dielectric loss for a
gelatin-water system: (a) sample A; (b) sample B; (c) sample
C; (d) sample D. Temperature: O, -20 °C; b, -10 °C; 0, 0 °C;
9, 10 °C; ], 20 °C; [, 30 °C; ×, 40 °C; 2, 50 °C; +, 60 °C.

Figure 5. Dependence of the relaxation time τ on water
content. Temperature: O, -20 °C; b, -10 °C; 0, 0 °C; 9, 10
°C; ], 20 °C; [, 30 °C; ×, 40 °C; 2, 50 °C; +, 60 °C.

Figure 6. Arrhenius plots of τ for a gelatin-water system.
Sample: 9, sample A; 1, sample B; 2, sample C; b, sample
D.

Figure 7. Dependence of the activation energy E on water
content.
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kg of sample. The activation energy E is the energy
barrier for the movement of electric dipoles in a system
(Fröhlich, 1958; Kirkwood, 1941; McCrum et al., 1967).
Water would have decreased the local viscosity of the
gelatin films and reduced the value of E. As discussed
before and here, both τ and E can describe the enhance-
ment effect of water on the mobility of gelatin molecules
in the glassy state. The relaxation time τ is influenced
not only by water content but also by temperature, as
shown in Figure 5. On the other hand, E takes an
intrinsic value for a sample at a selected water content;
in addition, the relaxation type (R or â) can be discrimi-
nated from the order of the magnitude of E.

Water content dependence of the activation energy E
evaluated from dielectric measurement has been inves-
tigated only on a limited basis. Starkweather and
Barkley (1981) investigated the dielectric properties of
Nylon 66 at frequencies from 10 to 105 Hz and at
temperatures from -70 °C to room temperatures and
reported that moisture increased the frequency for the
â-relaxation and reduced its activation energy; this
result is similar to that of the present study.

In conclusion, dielectric relaxation was observed for
glassy gelatin. From the order of the magnitude of E,
the relaxation observed was â-relaxation, which is
ascribed to the rotation of a side chain of a gelatin
molecule and/or the local segmental motion of the
backbone chain. The relaxation time τ and activation
energies E seemed to describe the enhancement effect
of water on the mobility of gelatin molecules in the
glassy state; they are considered to be suitable param-
eters for characterizing the plasticizing effect of water
on a glassy material.
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