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Abstract  

Broad-band ac dielectric relaxation spectroscopy (DRS) and various techniques of thermally 
stimulated currents (TSC) have been used to investigate molecular mobility in cereal and legume 
seeds, over wide ranges of water content and temperature. We focused our interest on the detailed 
study of the interactions between water and seed constituents. The results are quantitatively dis- 
cussed, using various concepts dictated by the experimental techniques employed and in relation 
to the protein and carbohydrate contents of the seeds. In addition, the glass transition in the 
seeds, freezing and melting of water, and the protonie conduction process have been studied in 
some detail. 

Keywords: dielectric relaxation spectroscopy, glass transition, protonic conductivity, seed hy- 
dration, thermally stimulated currents 

Introduction 

The hydration properties of seeds have been studied by means of various ex- 
perimental techniques, including water sorption isotherms and water imbibition 
measurements [ 1-3], differential scanning calorimetry (DSC) and specific-heat 
measurements [4, 5], diffusion measurements [6], nuclear magnetic resonance 
(NMR) [6, 7], mechanical measurements [8-10], spin-probe electron paramag- 
netic resonance (EPR) [11-13], thermally stimulated depolarization currents 
(TSDC) measurements [12-14], de conductivity calculations from dielectric mea- 
surements [2, 15, 16], and dielectric relaxation spectroscopy (DRS) [ 17-24]. 

Modifications of structural and dynamic characteristics of water in seeds, 
compared to the corresponding characteristics of bulk water, resulting from in- 
teractions of water molecules with seed constituents, have been a popular topic 
of investigation [1-3, 5--8, 11, 14, 17, 18]. Depending on the investigator's ap- 
proach and the experimental method used, water in seeds has often been classi- 
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fled into different types, such as molecularly distributed and clustered water, 
free (bulk) and bound water, or freezable and nonfreezable water. In this con- 
text, we remind the reader of the old but still very useful review by Kuntz and 
Kauzmann [25] on the interaction of water with proteins, one of the main con- 
stituents of seeds, and draw the reader's attention to a more recent one on the 
same subject by Rupley and Carreri [26]. 

Molecular mobility in seeds has been found to be substantially influenced by 
water. In this respect, two topics have been studied in some detail. The first in- 
volves the glass transition in seeds and the dependence of the glass transition 
temperature (T~) on water content [2, 4, 5, 9, 10, 12-14]. The second topic in- 
volves electrical dc conductivity in hydrated seeds. Carreri and coworkers 
interpreted the results of their dielectric ac measurements on hydrated seeds in 
terms of percolative proton transfer along threads of hydrogen-bonded water 
molecules on the macromolecular surface [2, 15, 16]. The relationship of the 
physical effects of glass transition and percolation to biological effects (germi- 
nation of seeds) has also been investigated in the context of efforts to describe 
and understand biological functions in physical terms [2, 12, 13]. The glass 
transition in proteins and foods, in relation to water content, has been the sub- 
ject of two recent reviews [27, 28]. 

Investigation of the dependence of physical properties of a seed/water system 
on water content forms the basis for developing methods for non-destructive 
measurements of water content in seeds. Dielectric measurements have been 
considered to be well suited to this aim [1, 4, 20-24]. In a series of papers, 
Nelson and coworkers developed the principles of simultaneous, on-line deter- 
mination of moisture content and density of seeds and other agricultural 
products by radio-frequency and microwave measurement techniques [20-24]. 

It follows, from a thorough study of the literature on hydration properties of 
seeds, that more work is needed to better understand various aspects of the top- 
ics involved. A major problem is that the various concepts used to describe the 
interactions of water with seed constituents depend on, and/or are dictated by, 
the particular technique used [29]. We should always take that into account 
when comparing hydration results obtained by different techniques. In their re- 
view [27], Levine and Slade criticised, as potentially misleading, the use of 
concepts that divide hydration water into different classes, such as free and 
bound or freezable and non-freezable, and argued for a 'food polymer science' 
approach, which unifies structural aspects of foods with functional aspects, de- 
pendent on mobility, and described in terms of the integrated concepts of 'water 
dynamics' and 'glass dynamics'. Even if we consider only techniques that 
measure molecular mobility, e.g. in the glass transition region, we should bear 
in mind that not only the time scales (frequencies) of the techniques used (and 
of formalisms used to present the data obtained by the same technique, e.g. 
compliance and modulus [30]) may be different, but also that the space (local) 
scale is, in general, different for different techniques. The latter is due to the 
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fact that various techniques, such as DSC, NMR, EPR, DMA (dynamic me- 
chanical analysis), and DRS, probe the mobility of molecular units of different 
sizes [27, 30, 31]. 

In this paper, we report results of our investigations of hydration properties 
of various ground seeds, determined by means of broad-band DRS in the fre- 
quency range 5 Hz-2 GHz and temperature range 170-320 K, and of various 
techniques of thermally stimulated currents (TSC) in the temperature range 85- 
300 K. The TSC techniques included TSDC, thermally stimulated polarization 
currents (TSPC), and dc-conductivity. Cereal and legume seeds of different 
genotypes (wheat, triticale, maize, bean, horsebean, chick pea, white lupine, 
african pea) having different chemical compositions (proteins, carbohydrates, 
lipids), were analyzed. Preliminary DRS and TSDC measurements, made for 
all these genotypes at different water contents, show that from the dielectric 
point of view, cereals behave differently than legumes, in agreement with NMR 
results [7]. As a consequence, results reported here concern mainly bean and 
wheat seeds, which have been studied in more detail, as well as triticale, of 
which different parts have been sudied (endosperm, perisperm and pericarp). 

The water content, h, defined as grams of water/gram of dry material, was 
systematically varied between 0 and 0.50. Please note that this is the h range 
relevant to physiological activity in seeds [5, 28]. At ambient temperature and 
relative humidity, the physiological water contents of the seeds investigated 
were 0.11-0.13. Progressive lowering of h below this range results in acceler- 
ated deterioration of the seeds. Metabolism becomes increasingly facilitated in the 
h range 0.24--0.35, whereas germination requires h values higher than about 0.6 
[5]. In TSC measurements on one type of cereal (triticale), h was varied up to 6.0. 

The following aspects of hydration are stressed in discussing our experimen- 
tal results: 

(1) the interactions between water and seed constituents, resulting in modi- 
fications of their dynamic characteristics. In this respect, it is interesting to 
compare cereals and legumes: in general, cereals contain less protein and more 
carbohydrate than do legumes [7]. Depending on the experimental technique 
and conditions used, results are discussed in terms of free and bound water, 
freezable and non-freezable water, plasticization of local chain motions, 
molecularly distributed water, clustered and microphase-separated water. Re- 
suits obtained for the same sample with different techniques are critically com- 
pared, and the relationships among the different descriptions, dictated by the 
various techniques, are discussed in a quantitative way. 

(2) the glass transition in seeds, and melting and freezing events of water. 
Often, glass transition signals in hydrated systems at high water contents are 
masked by freezing and melting events of water in DSC measurements, and by 
high values of conductivity in DRS measurements [32]. In such cases, TSC 
techniques are well suited for measuring Tg and glass transition dynamics [33]. 
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(3) the dependence of the directly measured, thermally stimulated dc con- 
ductivity on water content h, in terms of percolation [2,15, 16]. 

(4) the question of whether dielectric measurements at frequencies lower 
than radio or microwave, and in a broad frequency range rather than at a fixed 
frequency [20, 24], may be suitable for non-destructive monitoring of water 
content in seeds. This question may have practical implications, in view of the 
new generation of completely automatic Frequency Response Analyzers, Im- 
pedance Analyzers, and Network Analyzers, capable of covering broad 
frequency ranges within a few minutes or even seconds. We might learn here 
from parallel developments in using DRS for monitoring chemical reactions, 
such as curing of polymers [34]. 

E x p e r i m e n t a l  

Materials 

For the preparation of samples for DRS and TSC measurements, seeds were 
uniformly ground, and the powder was compressed, at 6 tons, into cylindrical 
pellets of 13 mm diameter and 1.5-2.0 mm thickness. The densities of dry pel- 
lets of the various seeds were between 1.10 and 1.20 g cm -3. h was varied up to 
about 0.5, by equilibrating the samples in closed jars over saturated salt solu- 
tions of known relative humidities. The value of h was determined by weighing. 
Vacuum-drying at 383 K and 5• -5 torr for 24 h was adopted for the determi- 
nation of dry weights. 

For one of the seed genotypes (triticale), three different samples were inves- 
tigated by TSC: prepared from ground whole seed, from endosperm (flour), 
and from pericarp with embryo and perisperm (pigmeal). For these triticale 
samples, the water content was varied up to 6.0 by mixing the powder with dou- 
bly distilled, deionized water (16 Mr2 cm-l). 

Dielectric relaxation spectroscopy (DRS) 

DRS is a powerful technique, widely used for investigations on molecular 
mobility in a variety of materials [34, 35]. The main advantage of DRS, com- 
pared to other spectroscopic techniques, is itslextremely wide range of 
frequencies, from as low as 10 -4 Hz to as high as 10 lHz, which can be covered 
by combining several experimental arrangements. This remarkable breadth en- 
ables one to relate the observed dielectric response to a specific polarization 
mechanism. The contribution to overall polarization comes from the moieties or 
particles whose relaxation times are faster than the applied signal, which en- 
ables one to distinguish different processes by their different frequency 
dependencies. There are various contributions to dielectric polarization and re- 
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laxation of hydrated biomaterials in the above frequency range. In the order of 
increasing frequency, and roughly schematizing, they arise from electrode po- 
larization, free charge migration, Maxwell-Wagner-Sillars or interfacial polari- 
zation in heterogeneous systems, and dipole orientation [24, 35]. The relaxation 
of atomic and electronic charges occurs at still higher frequencies than those 
employed in dielectric measurements [34]. 

Experimental dielectric data are customarily presented in terms of the com- 
plex permittivity, defined as 

E ~ = e ' -  i s"  ( 1 )  

The real, e', and imaginary, e", components of the dielectric permittivity are 
related to the capacitance, C, and the conductance, S, of the sample measured 
during the experiment, by: 

Cd C 
A e o  - -Coo ( 2 )  

G S e" - - - -  (3) 
coCo coco 

In these equations, A is the electrode area, d the spacing between electrodes, 
eo the permittivity of free space, G the conductivity, co the angular frequency of 
the applied field (co =2~f, f the applied frequency), and Co the equivalent ca- 
pacitance of free space, Co=Aeo/d [34, 35]. 

Two different experimental arrangements, both completely automatic, were 
used for DRS measurements: a Hewlett Packard HP 4292A Impedance Ana- 
lyzer, combined with an Ando-type TO-19 thermostatic oven and Ando SE-70 
dielectric cell; and Hewlett Packard HP 3577B and HP 8510B Network Analyz- 
ers, combined with a home-made cryostat and dielectric cell. The frequency 
and temperature ranges covered were 5 Hz - 2  GHz and 170-320 K, respec- 
tively. The experimental data were analyzed using various formalisms, to 
extract as much information as possible: complex permittivity, ac conductivity, 
complex impedance, and electric modulus [35]. 

TSC techniques 

The TSDC technique consists of measuring the thermally activated release 
of stored electric polarization, as follows [37]. A sample is polarized by an ap- 
plied electric field, Ep, at a temperature, Tp, for a time, t,. This polarization is 
subsequently frozen-in by cooling the sample to a temperature, To, sufficiently 
low to prevent depolarization by thermal energy. The electric field is then 
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switched off, and the sample is warmed at a constant rate, b(b =3-5 K min -1 in 
our experiments), while the depolarization current is detected by an electrometer. 

In the case of a single dipolar relaxation process that obeys the Arrhenius 
equation: x(T)=xoexp (W/k?), the depolarization current density, J(T), is given by 

J(T) = Po exp -W exp exp dT (4) 
Zo ,:X.ro 

where x is the relaxation time, W the activation energy of the relaxation, Xo the 
pre-exponential factor, Tthe absolute temperature, k Boltzmann's constant, and 
Po the initial polarization. Analysis of the shape of the peak represented by 
Eq. (4) makes it possible to obtain the activation energy, the pre-exponential 
factor, and the contribution, A~, of the peak to the static permittivity. In order 
to investigate the multiplicity of the peaks, the techniques of partial heating and 
thermal sampling [37] have been applied. In the thermal sampling technique, 
the sample was continuously cooled at a constant rate, and the polarizing elec- 
tric field was switched on at Tp and switched off at a slightly lower temperature, 
Td, i.e. the relaxation processes within a narrow temperature range were sam- 
pled. The temperature window (Tp-Ta) used was 3 K. In the partial heating 
technique, the sample was polarized in the usual way and then partially depo- 
larized by partial heatings, separated by rapid coolings, up to a series of cut-off 
temperatures that span the whole temperature range of the peak. 

In TSPC measurements, the depolarized sample is cooled to low tempera- 
tures. The electric field is then switched on, and the sample is warmed at a con- 
stant rate. The recorded TSPC spectra typically consist of contributions from 
both relaxation effects at lower temperatures and dc conductivity at higher tem- 
peratures. The method allows one to observe dipole ordering, determine the 
temperature range where ohmic conductivity dominates, and determine the con- 
ditions of optimal Tp [37]. 

In dc conductivity measurements, a de electric field (typically l0 s V m -1) is 
applied during both cooling and heating. 

Two different experimental arrangements, described in detail elsewhere 
[38, 39], were employed for TSC measurements. 

Experimental errors 

Typical experimental errors were as follows. In measurements of water con- 
tent, h, _+0.01; in TSC measurements: +2 K for the temperature of maximum 
current (peak temperature), Tin, -+0.02 eV for the activation energy, W; and a 
factor of about two in Xo. In DRS measurements, the temperature is stabilised to 
better than _+0.2 K, and the errors in e' and e" are +_5. These errors refer to 
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measurements on the same sample, whereas, tbr measurements on different 
samples from the same genotype at the same water content, the errors are larger 
by about a factor of two. 

Results and discussion 

D R S  

Figure 1 shows log-log plots of the real and imaginary parts of the dielectric 
permittivity, 8' and e", respectively, and of the ac conductivity, G, vs. fre- 
quency, f, for wheat at h=0.12 and temperatures between 193 and 273 K. The 
h value of 0.12 corresponds to the sample's water content at ambient tempera- 
ture (293 K) and relative humidity (60%). A dispersion, i.e. a step in the e' 
plot, and maxima in the ~" and tanD (tanD=e"/E', not shown here) plots, is 
clearly observed; it shifts to higher freguencies with increasing temperature, 
from about 103 Hz at 193 K to about 108Hz at 293 K. In Fig. 2, we show the 
corresponding Arrhenius plots, i.e. Infm vs. 1/T, where fro is the frequency of 
maximum s" and tanD, respectively, for that dispersion. The frequency position 
of the dispersion and the range of W values suggest that the dispersion is due to 
the motion of short side-chains of proteins and carbohydrates [40]. At frequen- 
cies lower than those of the step in the e' plot and of the peak in the e" and tanD 
plots, the side-chains can follow the changes of the applied ac electric field and 
thus contribute by their polarization to r', whereas at higher frequencies, they 
can no longer follow the changes of the ac field. Support for this interpretation 
will come from TSDC measurements reported in the next section. The disper- 
sion shows the effect of plasticization by water, i.e. it shifts to higher 
frequencies with increasing water content at constant temperature. Data for this 
plasticizing action of water, which is very similar to the plasticizing effect of 
temperature shown in Fig. 1, are obtained by TSC techniques and will be shown 
in Fig. 6. The dispersion is characterized by broad half width values, a typical 
feature of local side-chain relaxations in polymers and biopolymers [41]. The 
frequency position, shape, and water-content dependence of this dispersion are 
practically independent of seed genotype. However, this may simply be due to 
the broadness of the dispersion and the difficulties in unequivocally deconvo- 
luting it into individual contributions, which might be characteristic of seed 
genotype. We will come back to this problem in the next section. 

The spectra in Fig. 1 become more complex at frequencies lower than those 
of the dispersion described above. It is believed that main-chain relaxations, 
space-charge effects, and charge-carrier motions, giving rise to conductivity, 
may contribute to the spectra at low frequencies, depending on temperature and 
water content. TSC measurements, which are characterized by higher resolving 
power (reported in the next section), help to resolve the different contributions. 
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Fig. 2 Arrhenius plots, i.e. lnf~, vs. l/T, where f= is the frequency (in Hz) corresponding to 
the maxima of g" and tan D, for a wheat flour sample with h=0.12, evaluated from 
the spectra of Fig. lb. The last point on the right corresponds to the low temperature 
peak of the TSDC plot, recorded for an identical sample 

However, some points here deserve further comment. The high values of ~' at 
low frequencies, which become as high as 106 at high temperatures and water 
contents, and which are obviously not bulk values, indicate the existence of so- 
called space-charge polarization [42]. On the other hand, the apparent dielec- 
tric loss also becomes very high at low frequencies and high water contents, due 
to free-charge motion within the sample, referred to as conductivity relaxation 
[35]. Presentation of the same experimental data in the modulus formalism 
[43], i.e. plots of M' (J) and M" ~ ,  where M' and M" are, respectively, the 
real and imaginary parts of the complex modulus, M * 

M* = 1/s* (5) 

M t  t 

E,2 + s,,2 (6) 

M ts - -  h + E,,2 (7) 

reveal a new dispersion at low frequencies. In fact, Fig. 3 shows, in a semilog 
plot, M"O') for a bean flour sample with h=0.13. The dispersion observed at 
high frequencies has the same origin as that of the s" dispersion shown in Fig. 1, 
i.e. local motion of short side-chains of proteins and carbohydrates. In the dif- 
ferent formalisms, a shift of the dispersion to higher frequencies is observed in 
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Fig. 3 Plot of the imaginary part of the modulus, M*, vs. frequency, f ,  for a bean sample at 
h=O.  12 and various temperatures 

the order a", tanD, and M", in agreement with theory [35, 43]. The new dis- 
persion at low frequencies also shifts to higher frequencies with increasing T. It 
corresponds to the contribution of conductivity in the d '  plots of Fig. 1. The ac- 
tivation energy of this dispersion, W=0.60-0.70 eV, is, within the limits of ex- 
perimental error, the same as that for dc conductivity, as measured on identical 
samples (see next section). This is a strong indication that conductivity relaxa- 
tion contributes to the spectra at low frequencies and gives rise to the observed 
low frequency peak in M"(t) [35, 43]. 

It is interesting to note here that an additional dispersion is observed at 
T> 263 K in the frequency region around 103 Hz. This dispersion gives rise to 
a peak or shoulder in the d'(D plots of Fig. 1 and is also observed in the M"(f) 
plots (Fig. 3). We have no explanation at his stage for this dispersion. 

Figures 4 and 5 show, in log-log presentation, the ac conductivity spectra of 
wheat, for h=0.22 and several temperatures and for 273 K and several water 
contents, respectively. Similarly to the results shown in Fig. lc, the ac conduc- 
tivity increases at low frequencies with increasing temperature and water con- 
tent. It is interesting to note in Fig. 4 that there are no discontinuous changes of 
ac conductivity with temperature decreasing to 203 K. Such discontinuous 
changes at subzero temperatures have been observed for water contents higher 
than about 0.30, and are attributed to freezing of pure water in a separate phase. 
At these critical subzero temperatures, the conductivity behaviour changes 
abruptly from typical conductor-like to typical insulator-like. As an example, 
we show in Fig. 6 ac conductivity data for a wheat sample at h=0.42 and sev- 
eral temperatures. These data are to be compared with those shown in Fig. 4. 
We observe in Fig. 6, for temperatures higher than 263 K, high values of con- 
ductivity, which are only slightly frequency-dependent. This is the typical be- 
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haviour of a conductor, and the conductivity values are those of dc conductivity. 
At high conductivity values (high T ), electrode polarization is observed as a 
drop in conductivity at low frequencies [35]. The conductor-like behaviour of 
the sample in Fig. 6 at 263 K, and the high value of de conductivity, suggest ion 
conduction through a separate water phase [351. At T<'263 K, in Fig. 6, con- 
ductivity decreases and shows strong frequency-dependence. This behaviour, 
typical for an insulator, suggests freezing of the separate water phase. System- 
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Fig. 6 Log-log plots ofac conductivity, G, vs. frequency, f ,  for wheat at h=0.42 and vari- 

ous temperatures, showing the effect of ice crystallization at T<223 K 

atic investigations at several water contents showed that the temperature of dis- 
continuous changes in ac conductivity, interpreted as a freezing temperature in 
cooling scans and as a melting temperature in heating scans, increases toward 
273 K with increasing h and shows hysteresis. These results suggest that the 
water content of about 0.30 represents a distinct hydration level, in the sense 
that the seed/water system is a homogeneous one at h_<0.30 and a heterogeneous 
one at h > 0.30. In other words, at h > 0.30, a separate phase exists, which crys- 
tallises at low temperatures, whereas at h_<0.30, water is distributed molecularly 
and/or in small clusters, so that no crystalline ice is formed even at very low 
temperatures. Please note here that the terms homogeneous and heterogeneous 
refer only to the distribution of water in the ground seed sample, which is itself 
heterogeneous at the molecular level. The above findings are in good agreement 
with results of calorimetric studies of water in seed tissues [5]. 

The increase of ac conductivity with h in Fig. 5 is indicative of the plasticiz- 
ing action of water. At h > 0.30, conduction of ions, which are likely to be 
protons, occurs through the separate water phase, and the conductivity behav- 
iour of the sample changes from insulator-like at low h values to conductor-like 
at higher h values. The results in Fig. 5 suggest that measurements of ac con- 
ductivity at lower frequencies might be used to monitor the water content of 
seeds, as an interesting alternative to measurements at radio- and MW-frequen- 
cies [20-24]. We note in this respect that the data in Fig. 5 at each water content 
are sampled within a few seconds, and that for monitoring water content, there 
is no need, in principle, to perform the measurements at a fixed frequency. 

We note the similarity of Figs 4 and 5. An increase in temperature (T) at con- 
stant water content (h) causes the same effect as an increase in h at constant T. 
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This finding is a manifestation of the Tof-h-superposition principle, which states 
that the plasticizing effect of increasing h at constant Tis equivalent to the effect 
of increasing Tat constant h, both effects leading to an enhancement of molecu- 
lar and charge mobility [27, 44]. 

It is interesting to compare wheat and bean samples with respect to their 
conductivity behaviour. At water contents higher than about 0.30, conductivity 
is dominated by the presence of a separate water phase, irrespective of the na- 
ture of the matrix. Approximate values of dc conductivity can be obtained in 
this h-range from the plateaus of ac conductivity spectra (Figs 5 and 6). Ex- 
trapolation to zero frequency may lead to significant errors because of electrode 
effects [42], an example of which is shown in Fig. 5 for h=0.42, and in Fig. 6 
for T> 273 K. At lower h values, bean and wheat samples behave differently; 
bean samples exhibiting, at the same temperature and water content, higher val- 
ues of conductivity (by 1-2 orders of magnitude) and more conductor-like 
behaviour. We suggest that this difference is related to the higher protein content 
of beans, in comparison to wheat [7]. 

TSC techniques 

Figure 7 shows TSDC, TSPC and dc conductivity thermograms, measured 
on triticale samples at h= 1.92 and 0.10. The TSDC curves exhibit two complex 
relaxation bands. The low-temperature (LT) band in the range of 80-150 K con- 

- 9 . 5  
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~ - 1 0 . 5  

l S /5 

- t 3 . 5  , , , , , 

BO 120 I 0 2 0 2 0 280 

T (K) 
Fig. 7 TSDC, TSPC and dc conductivity vs. frequency, f ,  for a triticale sample at two differ- 

ent water contents, h. TSDC at h =  1 .92  (-),  TSPC at h =  1.92 ( -  �9 - ) ,  dc conductivity 
at h = 1 .92  (---), TSDC at h = 0.10 ( -  - - ) ,  and dc conductivity at h = 0 .  t0  ( - - )  
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sists of as many as two overlapping peaks, numbered I and II in the order of in- 
creasing temperature. The high-temperature (HT) band in the range of I50- 
300 K consists of as many as three overlapping peaks, numbered III-V in the 
order of increasing temperature. The number of peaks in each band, their tem- 
perature positions, and their magnitudes change with water content (Fig. 8). 
TSDC curves similar to those in Figs 7 and 8 were also obtained for endosperm, 
pericarp and perisperm samples from triticale. 

-9 .5 -  

O 

-~ -I0.5 

-11.5 

-12.5 

- 1 3 . 5  , 
80 2;0 a2o 

r (K} 

Fig. 8 TSDC spectra for a tritieale sample at several water contents: h =  1.92 (-),  0.88 (.. .),  
0.58 (---), 0.36 ( - -  -) ,  0.16 (- - -), 0.10 ( - - -  -) and 0.07 ( -  - - )  

The LT band, apparent at even higher temperatures (170-180 K) even for 
very low water contents (h=0.01), shifts to lower temperatures and increases in 
magnitude with increasing water content (Figs 9 and 10). This band is attrib- 
uted to reorientation of short side-chains of the seed:constituent proteins and 
carbohydrates, due to plasticization by water. This interpretation is strongly 
supported by results of TSDC measurements on proteins and carbohydrates 
[45, 46]. Thus, the origin of the LT TSDC band is similar to that of the disper- 
sion in Fig. 1. This is verified by extrapolation of the lnfm vs. l i T  straight line 
in the Arrhenius plot of Fig. 2 to 143 K, the peak temperature of the LT band 
measured for a bean sample at h=0.12, and assuming an equivalent frequency 
of 2.5• -2 Hz for TSDC measurements [37]. Thermal-sampling and partial- 
heating techniques were used to measure the spectra of activation energies 
[45, 46] in the LT band. The values of W determined in this way are typically 
lower than those from ac measurements shown in Fig. 2. The relationship be- 
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Fig. 10 Dependence of the peak temperature, Tin, of the low-temperature TSDC band on 

water content, h, for bean (*) and wheat (~) flours 

tween W values from ac and TSDC measurements in different temperature re- 
gions and possible compensation by xo, are still open questions [35]. Thermal- 
sampling and partial-heating measurements on samples of different genotypes 
at the same water content are now in progress, which are aimed at investigating 
the question of whether individual contributions to the LT band (and to the dis- 
persion in Fig. 1) might be characteristic of seed genotype. 

At higher water contents, a new contribution to the LT band, located at about 
135 K, appears (peak II in Fig. 8). This contribution results in a change in the 
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rate of increase of the normalized current maximum, In, of the LT band in 
Fig. 9, at about h=0.17, which cannot be explained solely by plasticization. 
In is normalized to constant surface area, polarizing field and heating rate, and 
it is a measure of the number of relaxing units contributing to the band [39]. 
The results in Fig. 9 are in agreement with those in Fig. 10, where it is ob- 
served that, for bean, the peak temperature, Tm, of the LT band becomes prac- 
tically independent of h for h>__0.17, whereas, for wheat samples, Tm becomes 
practically independent of h at significantly lower values (h>_0.11), as shown on 
the same figure (Fig. 10). 

Based on an interpretation of similar results obtained for proteins, carbohy- 
drates and other biological materials [39, 45, 46], we attribute the additional 
contribution at about 135 K to the relaxation of loosely bound water molecules. 
Thus, water, up to about h=0.17 and 0.11 for bean and wheat respectively, is 
tightly (irrotationally) bound to primary hydration sites. The higher h value for 
bean than for wheat can be attributed to the higher protein content of bean, as 
suggested by NMR and water-imbibition measurements [7]. 

In Figs 7 and 8, peak I, located at about 105 K, appears on the low-tempera- 
ture side of peak II, for water contents higher than about 0.50, and increases in 
magnitude with increasing h. It becomes larger than peak II for h>0.90 
(Fig. 8). The magnitude of the LT band increases linearly with increasing po- 
larizing field, Ep, indicating that peaks I and II are of dipolar origin [37]. The 
temperature position of peak I, its mean activation energy of W=0.28_-t-0.04 eV 
(obtained from thermal sampling and partial-heating measurements), and the 
dependence of its magnitude on h indicate that the peak is due to relaxation of 
free (bulk) water, which forms a separate phase and freezes at low temperatures 
[39]. Thus, two critical hydration levels are determined from these detailed 
studies of the LT TSDC band: h=0.17 and h=0.11 in bean and wheat, respec- 
tively, for the fraction of tightly bound water at primary hydration sites; and 
h~0.50 in triticale for the appearance of free (bulk) water. These values com- 
pare quite well with critical hydration levels previously determined by DSC [5]. 

Similar to the LT band, peak III in the HT band appears in both TSDC and 
TSPC measurements (Fig. 7). De conductivity has its onset in the temperature 
region of peak III and then increases very sharply with increasing temperature, 
especially at high water contents. Consequently, TSPC is dominated by de con- 
ductivity for temperatures higher than those of peak III, so that peaks IV and V 
are not observed in the TSPC curves (Fig. 7). 

Figure 11 shows the dependence of peak temperature, TM, of peak III on h 
for powders from triticale seeds, endosperm and perisperm and pericarp. TM 
decreases sharply with increasing h and levels off at about 180 K for h>0.4- 
0.5. The plot in Fig. 11, the dipolar character of peak III, the onset of dc 
conductivity in its temperature region [47], and similar results obtained for pro- 
teins and other biological systems [39, 47, 48] all suggest that peak III is 
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associated with a glass transition of the seed matrix-bound water system 
[2, 4, 5, 9, 10, 12-14]. Accordingly, TM of peak III may be considered as the 
glass transition temperature, T 8, in agreement with results of combined studies 
of synthetic polymers and hydrogels by TSDC and DSC [31-33]. Thus, Tg is 
situated around room temperature in dry seeds and shifts sharply, with increas- 
ing h, down to temperatures around 180 K for fully hydrated seeds, due to 
plasticization by water. The biological implications of similar findings have 
been previously discussed in detail elsewhere [13, 14, 26-28]. 

Peak IV is located in the temperature region associated with an apparent dc 
conductivity of the samples. It decreases in magnitude and shifts to higher tem- 
peratures with decreasing h (Fig. 8). Its activation energy is about 0.70 eV and 
does not change significantly with water content. Measurements with different 
electrode configurations indicate its volume (bulk) character. These results sug- 
gest that peak IV may be the TSDC manifestation of the conductivity relaxation 
discussed in section DRS. The values of the activation energy of dc conductiv- 
ity, reported below, strongly support this interpretation. Consistent with these 
experimental findings and by analogy to TSDC investigations of glass transi- 
tions in synthetic polymers [31, 33], the peak can also be related to the inho- 
mogeneous character of samples (Maxwell-Wagner-Sillars interfacial 
polarization) and to the trapping of charges at the boundaries of different 
phases. Our experimental findings provide less support for attributing peak IV 
to a second glass transition associated with vibrational motions of the main 
chains of seed constituents [48, 49]. 

320 
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Fig. 11 Dependence of the peak temperature, TM, of TSDC peak III, i.e. of Tg, on water con- 
tent, h, for tritieale (e), tritieale endosperm (11), and triticale perisperm and pericarp (o) 
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Peak V is the dominant one in the HT band. Its properties were systemati- 
cally studied within this work, and the following results were obtained. Its 
magnitude increases non-linearly with increasing polarizing field, Ep; it also 
depends on polarization temperature, Tp, and the electrode material. This peak 
increases in magnitude and shifts to lower temperatures with increasing water 
content. Its activation energy, determined from partial-heating experiments, is 
practically the same as that of peak III, peak IV, and dc conductivity. These 
findings suggest that peak V is associated with the release of space charges 
trapped at the sample-electrode interface. Electrochemical reactions are also 
likely to contribute to peak V. 

All samples exhibit an apparent dc conductivity that begins in the tempera- 
ture range of peak III. The de current increases sharply with temperature 
(Fig. 7), especially at high h values. The temperature dependence of dc conduc- 
tivity is Arrhenius-type, with an activation energy, W, of about 1.0 eV at h<_0.2 
and about 0.70 eV at higher water contents. At a given temperature, the dc con- 
ductivity increases strongly with increasing h, by about 4 orders of magnitude 
in the region of h=0.15-0.30 (Fig. 12). These results confirm the percolation 
character of charge transport, suggested from ac measurements [2, 15, I6]. At 
water contents lower than about 0.15, water molecules are isolated, and the dc 
conductivity is low. Above a percolation threshold (at h~0.15--0. 30), a connec- 
tive path for long-range motion is established, so that protons can move from 
electrode to electrode, and de conductivity increases sharply. The activation en- 
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Fig. 12 Water-content dependence of de conductivity current, measured for samples of triti- 
eale at 190 K (o) and 200 K (o), triticale endosperm at 200 K (o), and triticale per- 
isperm and periearp at 200 K (m) 
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ergy of dc conductivity (0.70 eV) is a little higher than the value proposed for 
the Grotthus proton transport mechanism (0.60 eV). The significance of perco- 
lative proton transfer to the emergence of biological functions has been exten- 
sively discussed in the literature [2, 15, 16]. 

Conclusions 

In summary, the hydration properties of ground seeds of several cereals and 
legumes have been studied by means of DRS and three techniques of TSC 
(TSDC, TSPC, and thermally stimulated conductivity), over wide ranges of 
water contents and temperatures. The cereals, wheat and triticale, and the leg- 
umes, bean and horsebean, have been investigated in greatest detail. The main 
conclusions can be summarized as follows. 

1) Several critical hydration levels have been identified by means of the dif- 
ferent techniques used. TSDC and TSPC measurements have revealed that water 
molecules, corresponding to levels up to h=0.11 in wheat and h=0.17 in bean, 
are irrotationally bound at primary hydration sites, whereas at higher water con- 
tents, water molecules start to form clusters. It followed from DRS ac conduc- 
tivity measurements that the seed/water system is homogeneous at h < 0.30 but 
heterogeneous at h>0.30,  in the sense that a separate water phase exists for 
h > 0.30. These measurements allowed us to follow the freezing and melting of 
water in heterogeneous systems. Finally, TSC measurements showed that the 
seeds are fully hydrated [5] at h>0.50, in the sense that water in excess of 
h~,0.50 exhibits bulk-water behaviour. 

2) TSC measurements provided a good measure of Tg of the seeds. Ts is 
around room temperature for dry seeds and shifts down to about 180 K for fully 
hydrated seeds. The dependence of T~ on h is practically the same for powders 
from different parts of a seed (Fig. 11). 

3) Dc conductivity and its activation energy were obtained, independently 
and in agreement, from presentation of DRS data in either the ac conductivity 
or modulus formalism and from TSC measurements. Dc conductivity increases 
sharply with increasing temperature at T> T s, with an activation energy of 
about 0.60-0.70 eV for hydrated samples. Its dependence on water content sug- 
gests percolative transport of protons along threads of hydrogen-bonded water 
molecules, with a percolation threshold in the range of h~0.15-0.30. Note the 
proximity of the lower limit of this range to the fraction of water bound to pri- 
mary hydration sites, and that of the upper limit to the critical hydration level 
separating homogeneous from heterogeneous systems. 

4) With respect to the dependence of their physical properties on water con- 
tent, cereals and legumes behave qualitatively the same. Furthermore, some 
quantitative results were practically the same, such as the critical level separat- 
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ing homogeneous from heterogeneous systems (h,~0.30). Other h values were 
different, the difference being attributed to the higher ratio of proteins/carbohy- 
drates in legumes than in cereals and to the different hydration properties of 
proteins and carbohydrates. The water fraction corresponding to irrotationally 
(tightly) bound water molecules at primary hydration sites was 0.11 in wheat 
and 0.17 in bean. The ac conductivity at h___0.30 was (at low frequencies) 
higher, by 1-2 orders of magnitude. In addition, the frequency dependence of 
ac conductivity suggests that bean is more conductor-like than is wheat. 

5) DRS measurements suggested that frequency scans in the kHz-MHz 
range could provide a basis for non-destructive measurements of water content 
in seed powders. 
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