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Dynamics of water in strawberry and red onion as studied by dielectric spectroscopy
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We have investigated the microscopic dynamics of strawberry and red onion by means of broadband dielec-
tric spectroscopy. In contrast to most of the previous experiments on carbohydrate-rich biological materials,
which have mainly considered the more global dynamics of the “biological matrix,” we are here focusing on
the microscopic dynamics of mainly the associated water. The results for both strawberry and red onion show
that the imaginary part of the permittivity contains one conductivity term and a clear dielectric loss peak, which
was found to be similar to the strongest relaxation process of water in carbohydrate solutions. The temperature
dependence of the relaxation process was analyzed for different water content. The relaxation process slows
down, and its temperature dependence becomes more non-Arrhenius, with decreasing water content. The
reason for this is most likely that, on average, the water molecules interact more strongly with carbohydrates
and other biological materials at low water content, and the dynamical properties of this biological matrix
changes substantially with increasing temperatin@m an almost rigid matrix where the water is basically
unable to perform long-range diffusion due to confinement effects, to a dynamic matrix with no static con-
finement effects which also changesi.e., reducesthe activation energy of the relaxation process with
increasing temperatur@.e., causes a non-Arrhenius temperature depenglefbes further changes the con-
ductivity from mainly polarization effects at low temperatures, due to hindered ionic motions, to long-range
diffusivity at T>250 K. Thus, around this temperature ions in the carbohydrate solution no longer get stuck in
confined cavities, since the motion of the biological matrix “opens up” the cavities and the ions are then able
to perform long-range migration.

DOI: 10.1103/PhysRevE.71.011901 PACS nuni)er83.80.Lz, 77.22.Gm

I. INTRODUCTION Experiments on carbohydrate-rich food, such as veg-
Water is the foundation of life. It is the medium for bio- €tables and fruit, reveal a drastic increase in glass transition
molecular movements and biological reactions. Thus, in orfemperaturely with decreasing water contef8i], suggesting
der to understand biological processes, it is essential to eli@ Strong concentration dependence of the dynamics of their
cidate how geometrical confinement and interactions witfcarbohydrate solutions. In this study, the microscopic relax-
surfaces and other molecules affect the structure and dynarational behavior of strawberry and red onion was studied by
ics of water. Also carbohydrates and their derivatives areneans of dielectric spectroscopy. Due to the high dielectric
widely distributed in living organisms, where they have bothconstant of water we mainly probe how the water dynamics
structural and metabolic rolegl]. The simplest carbohy- is affected by the concentration of carbohydrates in the solu-
drates are small monomeric molecules, the monosaccharidg&gn [9]. We observe one clear dielectric loss peak, which
examples of such sugars are glucose and fructose. Monosdéerefore is interpreted as a relaxation process of the super-
charides can be linked to each other to form oligosacchacooled water in the carbohydrate solution. The relaxation
rides, which consist of a few monosaccharide units, oitime 7 of this process has a temperature dependence which
polysaccharides, which are polymers of monosaccharideollows the Vogel-Fulcher-Tamman@VFT) [10-12 behav-
When two monosaccharide molecules are linked to eacfor,
other a disaccharide is formed. Sucrose, which is built up of
one glucose molecule and one fructose molecule, is an ex- _ p{ DTy ]
. . T=1T0 ex .
ample of a disaccharide. Glucose, fructose, and sucrose are T-To
the major carbohydrates in most fruits and vegetables, such
as the strawberry and red onion here studi2@]. D is a material-dependent constant describing the degree of
The presence of biological processes that are promoted byon-Arrhenius behavioiT, is the temperature wheregoes
water is the reason why cooling and drying are importanto infinity, and =, is the relaxation time extrapolated to infi-
methods for food storagl]. The behavior of frozen and/or nite temperature, which usually corresponds to quasilattice
dried biological materials differs from that of fresh materialsand molecular vibrations of the order of 16s. Here one
and research in this behavior is crucial for the possibility toshould note that this kind of temperature dependence is gen-
optimize the stability of the treated food. Several studieserally observed also for the viscosity of supercooled liquids.
[5-8] have been performed on the dynamical behavior oMWhen = of a main (a-) relaxation process has reached a
freeze-dried fruits and vegetables. However, most of thesealue of 100 s, the supercooled liquid behaves like a solid
studies concentrate on the whole material and very few speand is called a glass. So called strong glass formers, in An-
cifically on the dynamics of its interfacial carbohydrate gell's strong-fragile classification schenj&3,14], have an
solution. a-relaxation time with a nearly Arrhenius temperature de-
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pendencéa largeD value in the VFT functionin contrast to Fresh strawberries and onions contain about 90 wt % wa-
fragile glass formers, which show a much more rapid in-ter and 9 wt % soluble solidg6], which mainly consist of
crease of then-relaxation time close tdy (i.e., a lowD  the carbohydrates fructose, glucose, and sudi@$ When
value in the VFT function freezing carbohydrate-rich food material a part of the water
The large dipole moment of the water molecule and theyill crystallize into almost pure ice, while the remaining part
unique characteristics of hydrogen bonds are likely the maiRyj|| form a more concentrated carbohydrate solutid).
reasons for the many peculiar properties of water. Most exThjs supercooled solution will then transform into a glass at
perimental studiegl5] of bulk water have indicated that the 5, even lower temperaturg]. Generally, there are many

water molecules tend to form a tetrahedral hydrogen-bondegin;jarities for freezing and melting behavior between sugar

structure, although these .hydrogen bonds have very Shogblutions and food with high carbohydrate content. It is
lifetimes of the order of picoseconds at room temperature,

However, at considerably lower temperatures in the Oleepltherefore likely that these processes in biological materials
supercooled regime almost all hydrogen bonds should be i re due to phenomena inherent to the carbohydrate solution.

tact at each moment, which implies that water then forms 1” this context the role .Of the *biological matrix” is_to form
permanent tetrahedral network structfit®]. It is therefore small confl_nements Wh.'Ch can obstruct the formation of Ice,
reasonable to suspect that the dynamics can be very differefit’c€ fréezing and melting of ice as seen in carbohydrate-rich
for moderately and deeply supercooled water. In the moderf©0d materials should only occur in larger voids of the bio-
ately supercooled regime bifurcated bonds are defects in tH@gical matrix, provided that the concentration of carbohy-
water network structure that provide large structural reardrates in the solution is low enough to permit crystallization
rangements with low energy barriers. The number of thes€f the water.
defects should go to zero as temperature is decreased leaving
only regular hydrogen bonds with high-energy barriers Il. EXPERIMENTAL SECTION
against rearrangement. This might be the reason for the pro-
posed change in dynamics that causes water to be anomalousFresh strawberry and red onion were used for the dielec-
in yet another fashion. Close to the melting point, watertric measurements. In the case of strawberry a scalpel was
seems to be the most fragile of all liquids studj@é], but ~ used to cut out a thin slice perpendicular to the length of the
close toTg, it may be one of the strongeiét6-18. Thus, it is strawberry. The diameter of the slice was 20 mm and to in-
possible that supercooled water exhibits some kind of dyC|ude as much as possible of the behavior of a whole straw-
namic transition somewhere close Tg=228 K, where the berry, the skin and seeds at the edge of the sample were
temperature dependence of therelaxation time changes preserved. The red onion sample was cut out of one onion
from a highly non-Arrhenius behavior at high temperaturedayer. The compact skin of the layer was kept covering one
to an Arrhenius temperature dependence in the deeply supedf the sample sides. The samples were cut as thin as possible
cooled regimg16-1§. without destroying their structure or creating an unevenly
In this study, however, we are not dealing with bulk waterthick specimen. Initially, both samples were almost 2 mm
since a large fraction of the water molecules in partly driedthick. However, upon installing the samples in the sample
strawberries and red onion will be directly associated withholder, the samples were pressed into a width of approxi-
cell membranes and carbohydrates. This will introduce anately 1.2 mm. Thus, some water was removed already at
confined environment for the water molecules as well as inthis stage.
teractions with surrounding carbohydrates and biological sur- The dielectric measurements were performed using a
faces, which will cause alterations in the structure and dybroadband dielectric spectrometer, a Novocontrol Alpha Sys-
namics of the water molecules. The tetrahedral hydrogertem, covering the wide frequency range 2010’ Hz. The
bonded network structure of bulk water will, for instance, samples were put between two gold-plated electrodiesn-
break up and this is, as mentioned above, expected to ireter 20 mm and placed in a sample holder. Thereafter, the
crease the fragility of the supercooled water and affect théamples were quickly frozen to 120 K prior to the measure-
glass transition temperature. Experiments have shown thagents and then measured at every tenth degree in the tem-
the relevant length scale for the glass transition is typically gerature range 120—-300 K. The temperature was controlled
few nanometers for small molecular systefs]. However, ~ Wwith an accuracy of better than 0.1 K by a nitrogen gas cryo-
in the case of water this length scale is likely to be shortefurnace(Novocontro).
since molecular dynamics simulations have shown that the Between measurements, the samples were weighed and, if
influence of confinement and/or surface interactions on th&eeded, dried in a vacuum oven. Five measurements were
structural and dynamical properties of water does not excee@erformed for both strawberry and red onion of different
a few molecular diameters from the surfag@g]. The most water conten{see Table ). Before the last measurement on
apparent discrepancies are a lower mobility close to th&oth specimens, the samples were dried for several hours in
surfaces [21-25 and, as mentioned above, a distorted@ vacuum oven. The last measurement was then used as a
hydrogen-bonded network. A surface changes the orientatioBompletely dry reference, representing the biological matrix.
of the water molecules close to it in a way that depends on
the chemical nature of the surfa@ee., whether it is hydro-
philic or hydrophobig. This reorientation will in turn affect
the interaction between adjacent water molecules and the In this study the imaginary part of the measured permit-
probability of forming a network structure. tivity, the dielectric loss, was analyzed. In this representation

Ill. RESULTS AND DISCUSSION
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TABLE I. Fit parameters obtained from the VFT fits in Fig.#j. L L L L B B BN B
is the value to which the relaxation time extrapolates to at an infi-
nite temperature is related to the fragilityT, is the temperature
at which the relaxation time is infinite, afidg sis the temperature
where the relaxation time has reached 100 s. The water content o_.
the different samples is given in % of the initial water content. = o8| -

Initially, the samples of fresh strawberry and red onion contained§
92.7% and 88.8% water, respectively. §. o
X o7l ]
% of initial logso T100 < g
water content 70 (9) D To (K) (K) % o8l ]
Strawberry & L 1
21.6 -9.0  96.0 23.3 112 osf 1
12.8 -7.4 18.8 64.5 121 [
10.2 -6.6 8.4 88.8 127 0.4 L L L ! AR .
55 6.7 9.1 87.7 128 160 180 200 220 240 250 280 300 320
Temperature [K]
Red onion
50.3 -8.7 375 48.4 122 FIG. 2. Temperature dependence of the power-law expoment
23.0 -7.7 21.1 62.3 121 of the conductivity obtained for strawberry with 12.8% of the initial
78 ~10.2 52.4 48.4 139 water content(The solid line is a guide to the eye.

o o peaks that might be attributed to temporary and possibly ran-
conductivity or polarization effects appear as a low-gom physical changes in the biological matrix could be de-
frequency power law while relaxational dynamics give risetected. However, these processes were in general too weak to
to peaks in the response. One clear loss peak was observedgpnificantly affect the parameters of the main relaxation pro-
all measurementee Fig. ], except for the completely dry egs.
samples where no peaks were observed. This suggests thatty gescribe the experimental data shown in Fig. 1 we

the biological matrix as well as the carbohydrates give g,sed the phenomenological Havriliak-Nega#iN) equation
negligible contribution to the imaginary part of the permit- ogether with a conductivity term:

tivity, which furthermore is supported by the fact that the

amplitude of the loss peak strongly increased with increasing o \P Es— €

water content, but remained almost constant with tempera- g"(w) = <—> +1m Trlon P | 2
ture (in the range 120-230 K Therefore we have assumed 0@ [1+(iwn)?]

that this process represents the strongest relaxation of Hgnare. ande., are the unrelaxed and relaxed values of the
water in the interfacial carbohydrate solution, in agreemenjigjectric constant, respectivelyjs the relaxation timew is

with previous findingg9]. At higher frequencies small loss 4 angular frequency, and is the conductivity parameter

(due to normal dc conductivity and polarization effects

Fig. 1 it is evident that the magnitude of increases with
increasing temperature. However, this is true also for the
power-law exponenh, which increases from about 0.5 at
170 K to almost 1.0 at 250 K. This is shown in Fig. 2 for
strawberry with 12.8% of its initial water content. The
gradual increase of the power-law exponent is attributed to a
shift from Maxwell-Wagner polarization effects at low tem-
peratures(which are commonly present in inhomogeneous
systems, such as biological materig?3]) to mainly normal

dc conductivity around 250 K and above. We believe that
this transformation is due to an onset of global motions of
the biological matrix. This implies that at these high tem-
peratures the cavities open up and the ions in the carbohy-
drate solution no longer get stuck in confining cavities. The
behavior was similar for strawberry and red onion, as well as
for different water contentexcept for the completely dry

FIG. 1. Imaginary part of the permittivity for strawberi}2.8%  Samples for which the dc conductivity was negligible even at
of the initial water contentas a function of frequency for the tem- the highest measured temperatyrés fact, only a few per-
peratures 1300), 150(0J), 180(+), 220(A), and 250 K(x). The ~ cent of the initial water content is needed for ion diffusion;,
experimental data have been described by a superposition of a cothe difference between the completely dried samples and
ductivity term and a single dielectric loss pedikes). those with the lowest water content is remarkable. Neverthe-
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less, there is only a minor increase of the dc conductivity -4 T"DDEBED
with increasing water content for the other more water-rich 6 S
samples. At the highest measured temperatures, from 4 5 6 7 8
270 to 310 K electrode polarization is observed, which is 1000/T [K ']
shown as a drop in the conductivity at low frequendiest
FIG. 4. Temperature dependence of the main relaxation time
shown).

The general HN functioEq. (2)] contains two shape obtained for(a) strawberry andb) red onion of different water
parametersy and y. However, the special versions of HN content. For strawberry the symbols correspond to the following

with only one shape parameter, the asymmetric Cole David?a!ues of water contentf)) 21.6%, (O) 12.8%,(A) 10.2%, and

son equation(e=1) and the symmetric Cole-ColéCC) (+) 5.5% of the original water content. In the case of red oridn

0, 0, 0, initi
equation(y=1), have often been used to describe the maincorresPOnds {0 50.3%0) to 23.0%, andA) to 7.8% of the initial

d d | fi tivelv. In thi K water content. The different data sets have been vertically shifted in
?_é’mh S?COE ak:ﬁ-re aﬁa NS, respectively. hn 'Islwor' vlve subsequent steps of one unit, for clarity. Each data set is described
ind that for both strawberry and red onion the dielectric Ossoy a VFT function and the obtained fitting parameters are given in

peak is symmetric for all temperatures and concentrationsgapye |.T,, < (see Fig. 5 gives the temperature where the fit func-
which suggests that it corresponds tqgaelaxation rather tjon passes=100 s.
than thea-relaxation. In fact, there are indications that it is
the B-relaxation of bulk water that shows a relaxation time of water conten{as also found in Ref49,35,34), where the
about 100 s aT =130 K [28,29, and thatT, (the tempera- contribution from water molecules interacting with carbohy-
ture where thex-relaxation time is approximately 100 s  drates is stronger. Second, the relaxation function of glass
located at a considerably higher temperature around 165 Korming liquids normally shows a more stretched relaxation
[30—33. This interpretation would then be in conflict with the deeper in the supercooled regime they(at@ich can be
the common belief in the last decade tfigffor bulk water is  explained in terms of, for instance, an increased coupling
in the range 124-136 K33,34. Thus, there are indications between relaxing unitg37]), and third, the pure geometrical
that thea-relaxation of water is not observed in the presentconfinement effecfwhich in most cases seems to speed up
system, as well as in most other types of confined systemthe dynamics of molecules which are not interacting with the
and solutiong29]. Although we are in this study unable to walls of the cavity[38—41]) increases with decreasing water
determine whether the observed dielectric loss peak corresontent.
sponds to thex- or B-relaxation of water, these other recent  In Fig. 4 we show Arrhenius plots for strawberry and red
studies[28-32, in combination with the fact that the tem- onion of different water content, where the VFT function
perature for which its relaxation time has reached 100 s i$Eq.(1)] has been fitted to the temperature dependence of the
considerably lower than the calorimetric glass transition ofrelaxation time. The fitting parameters are given in Table I.
the sample§5] (see belowy, suggest that it should be a rather In the case of strawberry the temperature dependence of the
local B-like process. relaxation process changes from a nearly Arrhenius behavior
The width, proportional to 1<, of the loss peak decreased at high water content to a pronounced non-Arrhenius tem-
with increasing water content and temperat(see Fig. 3.  perature dependence for the lowest water content. The reason
This is an expected behavior for several reasons. First, sinder this is most likely that, on average, the water molecules
there is a difference in the dynamics between rather “freelinteract more strongly with the carbohydrates and the bio-
water moleculegi.e., those interacting only with other water logical matrix at low water content, and the motion of the
molecule$ and water molecules interacting strongly with biological matrix increases substantially with increasing tem-
carbohydrates the peak is expected to be broader for loywerature(from a rigid to a highly flexible matrix causing a
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145 - T T T cess of the water in the carbohydrate solution.
140 F ] One should also note that for the samples with the highest
] water contentyog sis significantly lower than for water con-
135 F ] fined in more well-defined model systems, such as clays
] [18], molecular sieveg43], purple membrang44], and a
o 130t ] large number of other model systeif&9] whereT; o s nor-
T 125l Red onion E mally is in the temperature range 130—140 K. The reason for
b ] this might be that in all these systems interactions with sur-
= 120 F 1 faces, ions, and other molecules slow down the water relax-
] ation and this effect is unusually low for the present water-
nste E rich samples due to their comparably high water congant
110E ; Strawberry 3 most other model systems the interfacial water crystallizes at
; i ] such high water contentThe difficulty in producing reason-
1056' — '1'0' — ‘2'0' ‘#3'0' — '4'0‘ — ‘5'0‘ : ably large water clusters and simultaneously preventing them

from crystallization in the deeply supercooled regime where
bulk water immediately crystallizes is most likely the reason

FIG. 5. Estimated temperature for which the relaxation time hadVhy the cooperativer-relaxation is normally absent in di-
reached 100 sT1qg s as a function of water content in strawberry electric studies of confined supercooled wd@9].

and red onion. Although the error bars are rather large, the trend is In Fig. 4 and Table | we further npte that for both straw-
that T, < increases with decreasing water content. berry and red onion, the VFT behavior extrapolate to values

between 10'° and 10° s at infinite temperatures, and not to
reduction of the activation energy of the relaxation proces40'*s (i.e., the approximate vibration time of single mol-
with increasing temperaturé.e., giving rise to a non- ecule3 as normally observed for bulk materials. This fact is
Arrhenius temperature dependepcé similar systematic of concern but not unheard of. Naturally, the extrapolation
trend is not observed for red onigprobably because the over several decades rendegsa difficult value to determine
biological matrix of red onion is less flexible and more de-with high accuracy, which is further complicated by the fact
pendent on the water contenthis relaxation process can be that the VFT function normally does not describe the tem-
considered as frozen when its relaxation time reaches caerature dependence of the relaxation time over the whole
100 s (in analogy with the result that the glass transitionrelevant temperature randd5]. However, in our case the
temperature of a glass-forming liquid is commonly defineddeviations ofr, from 10714 s are so large that this is unlikely
as the temperature where itsrelaxation time reaches ca. the only explanation. A hypothesis is that in networking two-
100 9. The Ty s Values for strawberry and red onion of component systems, such as in gel5] and carbohydrate-
different water content so obtained are shown in Fig. 5 andvater systems of fruits and vegetables, there are collective
Table I. The differences ifi;oy between the different water vibrational modes for the water molecules. The water mol-
content were only marginal compared to the divergences iecules then move collectively with slower dynamics than
Ty found in the differential scanning calorimetSC)  that of molecular vibrations. Thusy no longer extrapolates
study of Ref.[5], whereT, started at about 190 K for about to the vibration time of a single water molecule, but rather to
10% of the initial water content and finished close to roomthese slower collective modes.

temperature for the almost completely dried samples. DSC In order to elucidate whether the results given above are
measurements have shown that the glass transition tempenaainly due to the dynamic properties of water in a carbohy-
ture of the whole biologic material changes continuouslydrate solution, or if the confinement effect caused by the
with the water content from the high glass transition tem-biological matrix has a substantial influence on the dynam-
perature of dry carbohydrates down to that assumed for bullcs, we have studied the dielectric and calorimetric properties
water[42]. In Ref.[2] the measured values could be pre- of aqueous solutions containing glucose, fructose, and su-
dicted by weighing the glass transition temperatures of therose, respectively. Figure 6 shows the temperature depen-
pure constituents with the percentages of the constituents idlence of the relaxation time corresponding to the strongest
the sample. Since the viscosities of samples with differentlielectric process of sucrose aqueous solutions. Similar re-
water content should be related to their glass transition temsults were obtained for aqueous solutions of glucose and
peratures, this suggests that the viscosity of a biological maructose[46]. These findings should be compared with the
terial should be strongly dependent on its water contentcorresponding relaxation times for strawberry and red onion
However, in our case we do not necessarily measure relaof the lowest water content, shown in Fig. 4. It can be seen
ational dynamics that is related to the viscosity of the wholethat the relaxation process in the sucrose aqueous solutions
biological material. Rather, the observed dielectric process ibecomes faster with increasing water content, in qualitative
evidently due to relatively local motions of water moleculesagreement with the findings for strawberry and red onion. In
that are considerably less affected by the water contenthe case of the solution containing 30 wt % wafBiyg s
Thus, the local water dynamics is not strongly affected by a=135 K, which is higher than for strawberry but lower than
dramatic viscosity change of the whole sample. Since théor red onion at similar water content. Furthermore, the
cooperativer-relaxation is generally coupled to the viscosity shape of the relaxation process is best described by the sym-
of the sample this suggests, as mentioned above, that thmeetric CC equation, as for strawberry and red onion. These
present relaxation process corresponds to a I@dide pro-  findings suggest that it is mainly the interactions with the

Initial Water Content (%)
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FIG. 6. Temperature dependence of the main relaxation time

. - FIG. 7. DSC measurement of exothermic heat flow during cool-
obtained for solutions of sucrose and water.

ing (10 K/min) of solutions of sucrose and water.

IV. CONCLUSIONS
carbohydrates that affect the water dynamics and that the ) i )
pure confinement effects are of minor importance. However, In the present dielectric stu(_jy of strawberry and red onion
one should note that at high temperatures there is a drama e observe wo clgar dynamical processes, a loss peak at-
difference and the bulk carbohydrate solutions show a muctfw”bm.Ed toa rgla_xat|on process of vyater in the carbohydrate
solution and ionic polarization, which transforms to long-

faster relaxation process than in strawberry and red onion. oo .
S . : . .~ 'range diffusion at temperatures above approximately 250 K
The reason for this is most likely the motion of the biological 9 P bp y

: hiah hich red h 2" due to an onset of global motions of the biological matrix.
matrix at high temperatures, which reduces the activatioRyq emperature for which the relaxation time is about 100 s,

energy of the water relaxation process discussed aboxe 1 - “increases with decreasing water content from a lower
It is also possible that local motions of the biological matrix,,5; e to a value similar to what has been found for most
can contribute to the dielectric response at high temperatureg,ogel systems of confined water. The increas®,gf < with
or that the water dynamics is coupled to these motions. SucHecreasing water content is most likely because interactions
motions are most likely slower than for bulk water andwjth carbohydrates and the biological matrix slow down the
should therefore shift the total relaxation process to lowekyater dynamics, and the influence of these interactions on
frequencies. the water dynamics increases with decreasing water content.
The calorimetric glass transitions of the same aqueouSimilar findings are observed for pure solutions of fructose,
solutions of sucrose are shown in Fig. 7. In the figure it isglucose, and sucrose, indicating that at low temperatures
evident that the solution exhibits a similar decreaseTpf when the biological matrix is essentially frozen it is mainly
with increasing water conterithe onset temperature @, the concentration of the carbohydrate solution that deter-
decreases from about 210 to 194 K for an increase fronmines the relaxation process of its water.
25 to 30 wt % wateras was found in Ref5] for strawberry
and red onion. Thus, even in the case of the bulk carbohy-
drate solutions the calorimetric glass transition temperature We thank Christer Svanberg, Christian Karlsson, and
is located at a considerably higher temperatiared shows a Johan Mattsson for valuable discussions and experimental
much greater dependence on the water concentjatiam  support. J.S. is supported by a grant from the Knut and Alice
the temperature for which the most pronounced dielectrigvallenberg Foundation. The Swedish Research Council is
process has a relaxation time of 100Tsgg, s (see Fig. 6. acknowledged for financial support.
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