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Visualized Characterization of Molecular
Mobility for Water Species in Foods

Yasuyuki Konishi and Masayoshi Kobayashi

Abstract—Six parameters, the effective diffusivity D), For the quantitative evaluation of the water speaicfoods,
activation energy ofDe, pre-exponential factor oDe, amount the proton NMR technique was recently applied bseaf the
(ASOW) of self-organized water species, and amgité) of the  npeed to use physicochemical data rather than ther aativity

forced oscillation of the molecular mobility (&) derived from the [7], [8]. Focusing on a more direct identificatiof the water
forced cyclic temperature change operation, wer@atdterized by T th | lar | | t | .
using six typical foods, squid, sardines, scallgzmon, beef, and species on the molecular level, a proton nucleagnetc

pork, as a function of the correlation time)(of the water molecule’s fesonance technique was applied to evaluate thiecfoality as
proton retained in the foods. Each of the six patans was clearly demonstrated in the International Conferences qpliégtions
divided into the water species, And A at a specified value ofc of Magnetic Resonance in Food Science [9]. From the
=10% (=Cr), indicating an anomalous change in the physicoita  viewpoint of the molecular mobility of water spesiethe
nature of the water species at thQ_.C_The forced oscillqtion of # progress of research was recently accelerated ytotdr
clearly demonstratt_ed a gharacterlstlc mpde depgndm the food demonstrate the theoretical meaning [9], [10] applieations
shown as a three dimensional map associated wighthe amount of in various researches [11]-[14].

If- ized water, . . ..
self-organized water, are In the present study, a dynamic proton NMR techmicu

Keywords—molecular mobility, self-organization, hysteresis,,pmpc,)Sed as a new technlgue. The aims Of.th's svely1) Fo
water species Aand A, forced cyclic temperature change operatioddentify the two water species; And A, by using the effective
(FCTCO) diffusivity (De) as a three-dimensional mobility, the activation

energy Ep) of De, and the pre-exponential factor@é; (2) to
|. INTRODUCTION visualize the self-organization of the two watee@ps by using

N the field of food engineering, as has been disediy the dynamic NMR technique; (3) to visualize the céat
many researchers, the water activity of foods haenb oscillation of the molecular mobility (i); and (4) to
conveniently employed to create a stability mapf¢tjvarious demonstrate the dynamism of the amount of thecsgtinized
reactions in foods illustrating the appearance afpacified Water species.
water activity. Water activity (g has commonly been used as a
parameter to evaluate the deterioration of foods \2ater Il. EXPERIMENTAL METHODS
species retained in foods, as is well known, expase .
rrf)ultifunctional nature  dynamically respondingp to A.Materials and Methods
environmental conditions, such as temperature, spres ~ Pork meat (B. produced in Hokkaido), beef meat A(B
dehydration, and water content. For the sciendifialysis of the Produced in Australia andBproduced in Hokkaido), squid,
multifunctional water species retained in foodseaognized Salmon, sardine, and scallop, were chosen as fogles. The
difficulty is related to its nonlinear dynamic clygn which Pork and beef had an initial water content of 2E80%-d.b.

influences food quality. and 230280%-d.b., respectively; the initial water conteift

To demonstrate the nonlinearity of the water spgediee the squid and the salmon commonly ranged from
effective water diffusivity De) in foods has frequently been 300CB60%-d.b., and that of sardine and scallop, from
used to evaluate the dehydration rate of food IfBjprevious 210 R70%-d.b. and 18®30%-d.b. of the initial water content,
studies [4]-[6], the water species retained in-fislst-sausage respectivelyTo evaluate the effective diffusivityDg) of water
and squid were categorized into two species asdifun of the species, each sample was placed in a stainledasteteay (4
water content. The two were water specigg@cognized as the meshes) that was mechanically hung from a straige ga
higher water content &\ >120%-d.b., with higher water transducer in a dryer. To evaluate the dehydratag, the
diffusivity, De, and water species,AW, <120%-d.b., with sample weight was continuously recorded by the wutp a
lower De. strain-gage transducer using a data-logger.

To evaluate the correlation time:) of the water species for

Yasuyuki Konishi is with the Hokkaido Industrial Grology Centre, 379 the samp_les, a nuclear magnetic resonance (NMFh)'!rtqmne.
Kikyo-cho, Hakodate, Hakodate, 041-0801, Japanr(phe81-138-34-2600; Was applied to measure tfel-NMR spectra and spin-spin
fax: +81-138-34-2602; e-mail: konishi@techakodatinp relaxation time ) of water protons. All the samples cut into

Masayoshi Kobayashi is with the Advanced Technoldgstitute of oxox10 mm pieces were inserted into an NMR samyte t

Northern Resources, 8-6, Tonden 2Jo 2Chome, Sapdokéxaido, 002-0852, .. . .
Japan (e-mail: kmasa@f2.dion.ne.jp). 2 (4mm in inner diameter and 180mm in lengtk-NMR spectra

181



International Journal of Biological, Life and Agricultural Sciences
ISSN: 2415-6612
Vol:6, No:4, 2012

were obtained using a JEOL A-500 FT-NMR spectromete lll. RESULTS ANDDISCUSSION

operating at 500MHz for protons. The observed fesaqy

width was 20 kHz. The 90° pulse width was 12s5and the A.Characterization of the water species due to De (th
number of pulse repetitions was 8. The proton chahshifts ~three-dimensional mobility: 3D mobility, )

were measured by using a small amount of wateragung As has been demonstrated by a large number ofrodsza [3,
deuterium oxide as an external reference. Exceptfdhced 10], the three-dimensional mobility (3D mobility) avater
cyclic temperature change operation (FCTCO), al VIR  species retained in the foods was evaluated by asireffective
measurements were performed at 28.5°C. The spin-spin diffusion coefficient De, n¥/h). The value oDe at a given
relaxation timesTJ,, were obtained by the spin-locking methodwater content could be evaluated by using Equgfpn

B.Evaluation of the correlation timed) of water proton 3 )
The spin-locking pulse technique used was effettidetect WAve (ij @XF{”E%D} [('- Sl L 2)j (2)
h . W, We |2 4 @ ¢

a very fast relaxation signal at a low water contéor the o
evaluation of the relaxation tim&; , the equation of; = M, i o )
exfs'T,) was used, wheréM, is the magnitude of the WhereV\{l.s the water content at the drylng‘ tm(%fd..p.),we is
magnetization vector after the spin locking pull, is the the equilibrium water content (%-d.bW)p is the initial WaFer
magnitude of the macroscopic equilibrium magneitzat content_ of t_he rectangular sample of drying flé}éh_o(.b.),t is
vector, ands is the spin locking pulse length. In the preserf® drying time (s), antl,, Ly, andL. are the half distances of
study, the plot ofn [M, / Mg] vs. ts indicated a good linearity € rectangular sample (m).
(which demonstrates a correlation coefficient highan 0.99)  SinceDeis strongly influenced by the water content ofdpo
through all water contents of the foods, suggestirag the It Should be evaluated as a function of the wagettent ).
evaluatedr, value was reasonable. Frdm the correlation time 1he water content of food consequently contributesthe
of a water protonzc, was evaluated using Equation (3) agorrelation time 4c) evaluated from the proton NMR technique

described by Abragam [15]: and could reasonably be replacedgyinstead of the water
content [16].
i:y‘t 2 [Ie(l +1)(3TC+ 5-L—ZC . 21—; ZJ ) (1) SpajeSA:L'l\ Species A N
T, 5r l+w," 3, 1t+4w, O, 5.0E-06 - I (A)
~ 4.0E-06
£
N /X
where y is the gyromagnetic ratio of a proton (= 2.816° E 30E06] %
rad-T*.s%), 7 is the modified Plank’s constant (6:6%>* J- s)) 8 2.0E-06f
is the nuclear-spin quantum number of a water pr¢t00.5),r 1.0E-06 |- : Jaya
is the proton-proton distance of a water molec0l&q nm),ay I
. 1 . 0.0E+00 : :
is the resonance frequency of NMR (= 1@ s%), and ¢ is 20 [ .
the correlation time of a water proton (s). ' (B)

I
6]
T

C.Forced cyclic temperature change operation (FCTCO)

To clearly distinguish the mode for the self-orgarion of
water species among the foods used, a forced ¢gaotiperature
change operation (FCTCO) was effectively conductElde
time schedule for the FCTCO was as follows: whea th
temperature was gradually decreased, a steep renlwétl/rc
at a specified temperaturg) (@ppeared, and, at the peak bottom

Ep (kJ/mol)
=
o

o o

2.0E-03

of the 1/, when the temperature was gradually increased, the < 1.5E-03
locus of the 1. showed a typical hysteresis reaching the “g/ 1.0E-03
temperature t§) previously used. The FCTCO was carefully A

«

repeated between andt,, and a forced oscillation of thezd/ 5.0E-04

was then clearly visualized. In the course ofRRFCO, as an

expedient way, 2 min to increase or decrease dmture
P . Y . ﬂnp. 0.E+00 1.E-08 2.E-08 3.E-08 4.E-08 5.E-08

and 13 min to evaluate tfig as the time for the operation of the T (9

NMR equipment were required; the total time of 1l mas ¢

thus needed as the measuring time at each tempeiatthe  Fig- 1 De, ED, ands DO as a function of: C Key: O, BA; A, BH;

0.0E+00

hysteresis period. The oscillating curves obtainedre U, PH_ o
demonstrated as a function of the elapsed timediiag the 15 The value ofic means a restriction in the strength of water
min. species due to the surrounding macro-molecule @teiptr The
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Dedescribed as a function &f provides information as to how straight line when the reaction occurs on a differactive
it will be influenced bytc. Fig. 1(A) illustrateDe for By, By,  center of the catalyst surfaces associated wittesdifference
and R, as a function ofc. As is evident from the results, two in the reaction mechanism. This empirical princigl@ossibly
water species Aand A regions were clearly distinguishedrat applied to the water diffusion process in the fools. 2
=10% (designated as a critical, Crc) indicating a stepwise demonstrates the 8,) as a function oEp for Py, Ba, squid,
reduction ofDe and an identical dependency as a functioryof salmon, and sardine. Although the data obtainellides an
within each of the two regions. This anomalous geasfDefor  appreciable number of experimental errors, exaapthie case
the three foods at ther&strongly supports the idea of a physicabf Py and B,, each straight line among the three foods clearly
change of the food structure derived from the pegrof gives a different tendency. This evidence strodgponstrates
dehydration, such as porosity &nd labyrinth factory) of food that the diffusion mechanism of water is differamtong the
solids. This presumption would also be supportedtliy three foods. SincBy is possibly associated with the nature of
following discussion. the adsorption sites for the water species, theepratructure,
As is well knownDe can be expressed as a function of thas an adsorption site, involved in the foods stiypingluenced
diffusibility (d) and activation energyEf) of diffusion by the value oD, The difference among the straight lines of the

Equation (3). In(6Dy) ~ Ep obtained for the five foods in Fig. 2, therefore,
strongly suggests thdd, changes depending on the foods.
£ -E Although it is difficult to describe the physicakaning of the
De=| < |[D=0dMDgExg ——2 | ° 3 - ;
0 R{Tp +279 variation ofDy, it may be presumed that the number of adsorbed

water molecules and the structure of the hydratiater on the
adsorption sites derived from the mechanical strecthange
of the food solid will change depending on the f®ods
discussed in the above section using Fig. 1(C).

whereg is the porosity of solid foog, is the labyrinth factor of
food, J is the diffusibility (=/y), andD, is the pre-exponential
factor of the diffusion coefficient).

Although the Arrhenius plot dbe evaluated from the data 4
obtained at 30, 40, and 8D was widely scattered, the 2
activation energyHp) of De can roughly be evaluated as a 0o -
function ofz¢, as shown in Fig. 1(B). The obtained valueEggf 2 ﬁ,A’A
again demonstrate a drastic reduction at thea€ a function of = -4t K/Aé
7¢, indicating an identical value of 1&1.5) kJ/mol within the 6 | -
water species Aregion independently of the kind of foods; on j:’ 8 L -
the other hand, in the water speciesrégion, the evaluation — 10 L
was different depending on the kind of foods, iG], ¢0.6) 1 L
kJ/mol for By, 8.1 ¢0.4) kd/mol for B, and 2.0 £0.8) kJ/mol 14
for Py, indicating no change depending®n
Focusing on Eq. (3), the pre-exponential factid] can 16
easily be evaluated by using the extrapolatiornefArrhenius 0 10 20 30 40
plot line against the perpendicular axis, and tilees obtained E p(kJ/mol)

are plotted as a function o, as shown in Fig. 1(C). The Fig. 2 Compensation effect derived from the én¥0 ) as a function of
obtained value oféD, clearly demonstrated a remarkable £ Key:O, PH:A, BA: @, squid ;A salmon :ll, sardine.

reduction at @&.. From this anomalous change’@X,, the values
of ¢ and Dy can be presumed to decrease and thos@tof B.Characterization of the water SpeCieS due to thieoudar
steeply increase because of the progress of defymrd he mobility (Lkc, S¥)
drastic change of the three parameter®g, andy) indicates As has been described in the above section, thecaulal
that there is a steep change in the physical streictf the solid mobility (1/z¢, %) can be easily evaluated by using the proton
food influencing the reduction dbe in the water species,A NMR technique. The value of 74/ obtained for all the foods
region, as seen in Fig. 1(A). In this region, reljay the demonstrates the self-organization of the watecispeetained
significance of the reduction &, it may be presumed that thein the food, which was caused by a programmed texun
energy barrier for water species#diffusion is reduced due to temperature. Fig. 3 demonstrates the kfHs a function of I/
the reduction of the value @, in the hydration water. On the for the scallop as a typical example. The self-pizgtion of the
basis of this presumption, the following discussibpay be water species is clearly evident at a specifiedperature,
offered. which influences the water content of the samgiés (tan be

In a heterogeneous catalysis [17], as an empipidatiple, replaced by the initial correlation time, of the food sample).
the compensation effect between the pre-expondatitdr &)  Since the molecular mobility (&, s) is the rotation rate of the
and activation energy Ej for the rate constant in a water proton, the £ obtained at the steeply reduced value can
heterogeneously catalyzed reaction has been wislgpted. be plotted as a function ofTL/The Arrhenius plots obtained for
The linear relation between the Idg and E gives another various initial z¢c of the food samples evaluakso(l) = 29.5
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(£3.0) for the water species AndEso(ll) = 57.6 (+2.6) kJ/mol
for the water species,AAll the values oEso (I) andEso (II)
for the six foods were evaluated as presentedlitellaEach of
the Eso obtained gave a characteristic value dependin®
kind of foods, indicating the self-organization thfe water
species to be influenced by different environmeotalditions
due to the macromolecules of each type of foodh sa
proteins.

20.0

19.0

18.0

In(Lkc)

17.0 |

16.0 |

15.0

0.0032 0.0034 0.0036 0.0038 0.0040 0.0042

(T +273)(KY

Fig. 3 Evaluation of the activation energy for gedf-organization of
scallop derived from the In(%£ ) as a function of I7. Wyand the
initial zc are respectively evaluated as the Keyi97%-d.b.,
6.53x10% ; A, 162%-d.b., 7.5810% e, 126%-d.b., 1.0410% ; A,
104%-d.b., 1.2810°% wm, 64%-d.b., 4.3710°5%.

TABLE |
ACTIVATION ENERGIESOF SELF-ORGANIZATION FOR WATER SPECIESA1
AND A2 RETAINED IN B, B, Pr, SQUID, SALMON, SARDINE, AND SCALLOP

Esc (kJ/mOI}
Specie A; Specie A,

Ba 31 42
Py 49 98
Squid 65 67

Salmon 160 63
Sardint 182 11¢€
Scallop 30 58

Focusing on the character difference of the sej&nization

between water species And A, each of which produces a

different activation energy, it is noteworthy tlé two water
species can be identified from their molecularestassociated

with the pre-exponential factohs, in the Arrhenius equation,
In (1/c )= A exp (EsoRT). To respond to a question how the

adsorption sites for the two water species argidigtated, the
compensation effect would be considered as disdusse
Fig.1(C). Fig. 4 demonstrates |IAg) as a function oEso for
squid, salmon, sardineyPand B,. All the data for each food
agreed, indicating that an identical compensatitecewas in
effect between the InA&) and Eso. This result strongly
demonstrates that there is no difference in themgecies as
hydration water among the foods because of thdzssityiof the
hydration water even though water speciesaAd A can be

distinguished by the difference in their self-orgation

temperature. This evidence differs from the comptaos effect
between thed D, andEp for the 3D mobility De), indicating a
clear difference among the foods evaluated at 38z,7@s
described in Fig. 2. From these results, it is entdthat the
self-organization of the water species occurred eessult of an
identical physical mechanism that was independénthe

difference between water species @nd A and among the
foods.

110
100
90
80 |
70
60 |
50 |
40 r
30 |
20

In (Ao)

100 150 200

E so(kJ/mol)

Fig. 4 Compensation effect derived from theAg)(as a function of
Eso. Key:o, Py ; A, Bs; @,5quid A, salmon m,sardine ¢, scallop.

C.Visualization of the forced oscillation of the nml&ar
mobility (1kc, s

Focusing on the hysteresis behavior of the scafidfig. 3,
the forced oscillating behavior of the moleculartaitity (1/zc)
can be easily visualized by using a forced cyadimperature
change operation (FCTCO) between two specified ézatpres
(designated afs andt,) at which the hysteresis behavior ofcl/
appears. Fig. ®lemonstrates a schematic explanation for the
FCTCO. The temperature was cyclically scheduled by
decreasing and increasifgndt,, respectively. To evaluate the
value ofzc using the proton NMR spectra obtained at the given
temperature, about 15min was needed for the termyser¢o

Forced Cyclic
TemperatureOperation
t2\
! }
@ \ J
CC‘/ A \
Forced Cyclic Response
3E+08 Lt
E+
1H-NMR Spectra £ 2.E+08
~ 1E+08
l1
0.E+00
0 5 10 15 20 25
Elapsed time

Fig. 5 Schematic visualization of the forced cytéimperature
change operation (FCTCO), the NMR-spectra dynamésm,the
1/rc-oscillation obtained
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decrease and increase and for the evaluati®n ¥he values of
1/zc obtained at each temperature were visualized wékiag

the 15min into the elapsed time as an oscillatinge. The
oscillating curve obtained was visualized as a tioncof time,

as demonstrated in the figure.

The forced oscillations of thezt/obtained were visualized
for all the foods taken in this study. Fig. 6 desioates the
forced oscillating curves for sardine, scallop, &ds typical
examples. As is evident in the oscillating responseves
obtained, the amplitude, period, and waveform wdranged
depending on the kind of foods and the water canerich can
be replaced by the initiat of the sample. The amplitude) (is
drastically reduced in the water specigseyion, indicating the
reduction of the molecular mobility ). This reduction of:,
in the case of scallop, can be easily recognized the diagram
in Fig. 7 by demonstrating a width of IndYgiven as a distance

Species-A | Species-A,

SE+08 My, = 153%-db. ‘ We = 127%-d.H] Wo= 66%-d.b.

2.E+08

Lam?ﬁﬁﬁﬁﬁ%ﬁﬂ
U EEEEEEEE

0.E+00

lhe

PH

02 46 81012140 2 4 6 81012140 2 4 6 8 101214

3.E+08
Wy = 160%-d.b. W, = 113%-d.b Wo= 67%-d.b.

) 2.E+08

A

0.E+00

[ Sardine ]

0246 81012140 2 4 6 81012140 2 4 6 8 101214

3.E+08

W = 197%-d.b)] W, = 126%-d.b]. Wo= 64%-d.b.

2.E+08 [

1.E+08

(Scaliope ]
1hc

0.E+00
02 46 81012140 2 4 6 8 1012 14
Elapsed time (h) Elapsed time (h)

Fig. 6 Oscillating dynamism characterized by thedkof foods

0246 8101214

I
h
I
1
1
1
1
I
1
I
1
I
1
1
I
1
l
1
1
1
1
I
|
1
1
1
1
1
I
1
l
1
1
|
! Elapsed time (h)

Species-A g | Species-A, |
19.5 II I
19.0 + |
185 N
18.0 + I\
— N
Q 175 | ' Q
<::" | ~
= 170 | I S e
. ~ \\
165 f I S ~
. ~— ~
~ -
16.0 | | —n
155 L
0.0E+00 1.0E-08 2.0E-08 3.0E-08 4.0E-08 5.0E-08
Initial t(s)

Fig. 7 Width of In(1£.) for the forced oscillation as a function of
the initial z¢ for scallop

between the peak top and peak bottom of the osedlaurves

in Fig. 6. Since the is demonstrated as a function of the initial
7¢c of the sample, as shown in Fig. 8, the forcedllasicins for
squid, sardine, and scallop disappeared at thealinit
=3.1x108, 6.9%x10% and 4.410% s, respectivelyln addition,
since the slopes of the-zc straight lines in the species, A
region gave a specified value depending on the, fdesignated
asAa~1c , theAa~tc obtained for each of the foods can be used
to visualize the difference among the characteristides of the
foods, as is presented in Fig. 11.

SpeciesA 1 Species-A ; ,
1
2.5E+08 —— -
|
2.0E+08 | :
N I
< 15E+08 [ @I
ke |
=2 I
‘S 1.0E+08 |
£
<
s 5.0E+07 -
0.0E+00 e oo
0.E+00  2.E-08 4.E-08 6.E-08 8.E-08
Initial ¢ (S)

Fig. 8« as a function of the initiat. . Key: o, squid ;[J, scallop 1,
sardine

D.Visualization for the hysteresis behavior of the

self-organized water amount (ASOW)

The amount of the self-organized water species (A$€an
be evaluated by an examination of the graphicelgisttion of
the proton NMR spectrum presented in Fig. 5 andesged as a
modified water content (MWC, %-d.b.). The MWC was
evaluated by using the initial water content of saenple food
corresponding to the peak area of the proton NMi#Rtsp. Fig.
9 demonstrates the MWC as a function df daind the initiakc.
It is clearly evident that the hysteresis of the\W@ similar to
the 1tc hysteresis presented in Fig. 3, indicating theepste
reduction of MWC at the same temperature as the 1/

Since the reduced amount of the MWC clearly indisahe
ASOW, the amount is linearly reduced by increasheginitial
7c of the sample. Fig. 10 demonstrates, as an exartipe
ASOW as a function of the initiak for scallop. All the other
foods showed similar results. Based on the resbltgined, the
linear dependency of the ASOW-straight line indicates a
inflection point atrc =10%s, pointing again to the existence of
two water species as water specieard A, as shown in Fig. 1.
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250

200

150

100

50 r

Modified water content(%-d.b.)

0
0.0032

0.0034  0.0036

Ut K9
Fig. 9 The converted water content for scallop amation of 1T and
the initialzc . Key: o, 6.5x10% ; (1, 7.9x10% ; [, 1.0<10% ; e,
1.2x10%s ;A , 2.1x10% ; m, 4.4x10°%.

0.0038 0.0040 0.0042

SpeciesA; Species A ;

140 -
~120 r
100 -
80 r
60 r
40
20
0

0.E+00 1.E-08 2.E-08 3.E-08 4.E-08 5.E-08

Initial 7 (s)

ASOW(%-d.b

Fig. 10 ASOW as a function of the initigd for scallop.

In the water species, Aegion in Fig. 10, the slope of the

ASOW- straight line clearly changes depending on thel fog

used. The slope may be designated\&SOW~.. The values

of the AASOW-~t for Py, Ba, squid, salmon, sardine, and

scallop are evaluated to be -1x1%°, -8.1%1C?, -1.41x10°,
-5.4%10°, -4.61x10°, and -1.1810° %-d.b./s, respectively. The
difference of theAASOW-~tc among the six foods would be
recognized as the difference in the acceleration thaf
self-organization of water species in the foodspraily

associated with the's in Fig. 6. It may be presumed that the

AASOW-~¢ is larger with a highes.. This assumption can be
visualized by Fig. 11. Fig. 11 demonstrates a tilieensional
plot of In(1%c) as a function of the initiak and theAASOW~z¢
for Py, squid, and salmon as typical foods. Tdecan be
expected to sensitively change depending on the éfrfood,
indicating a characteristic behavior. These reslitav that the
ASOW strongly contributes to the mode of the oatidin wave
anda. From these results, the mode of the oscillatifdfhwcan
be used as the difference of the water speciehienfaods

indicating a characteristic dynamism of the hydmativater
depending on the value of the inittal

A

A

"y

A nA
200 5] Lo
195 I‘jI A&Z:
190 L E@\“EAQ. .
185 Ih Y '\\\ """
180 f =2 =<0 _
175} I =
170 1 Q\\-‘_D___
165 f — —=
160 f

155
0.0E+00 1.0E-08 2.0E-08 3.0E-08 4.0E-08 5.0E-08

Initial ~¢ (s)

Fig. 11 Threedimensional visualization for the forced oscillatiof
the molecular mobility as a function of tAASOW-~z¢ and the
initial zc . Key in the A region: O, squid; A, salmon;J, Py ; anc
Key in the A region :@, squid; A, salmon;ll, P .

IV. CONCLUSIONS

The water species retained in the six foods waarlgle
separated into two categories as specigsafd A. The two
species were characterized by two points of vibe,dffective
water diffusivity e, three-dimensional mobility, #s) and the
molecular mobility (14, reciprocal correlation times Based
on the experimental evidence obtained, the follgwin
conclusions were demonstrated.

(1) De and the activation energftq) of De were drastically
changed at €, at which the water species was divided info A
and A in all the foods. This anomalous change was unhaleds
as a remarkable change in the physical structurheoffood
solids derived from the progress of the dehydrafldnis change
brought about a change in a diffusion mechanism.

(2) The molecular mobility (3¢) in all the foods clearly
demonstrated a characteristic hysteresis at a figukci
temperature lower than 0°C, indicating a self-oizgtion of the
water species (SOW). The hysteresis of the SOWaliizd a
characteristic forced oscillation derived from foeced cyclic
temperature change operation (FCTCO)
reproducibility of the SOW.

(3) The obtained forced oscillation of thezdl/clearly
demonstrated a characteristic amplitudg period, frequency,
and oscillation wave depending on the kind of foadd the two
water species. Thedemonstrated a drastic reduction at.C

(4) The ASOW was quantitatively evaluated by usihg
peak area of the proton NMR spectrum and determased
function of the initialzc of the sample foods. The amount was
changed depending on the kind of foods and undmisas the
difference of the hydration water amount retaimethe foods.

(5) The oscillating behavior of &/ clearly demonstrated as a
three-dimensional visualization using two parangtése initial
7c and theAASOW-~¢.. The results interestingly visualized the

indicating a
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water species to be clearly divided into two wajeecies and to Area (City Area) from the Japanese Ministry of Eatign,

have a variety of oscillations depending on thedfoo

NOMENCLATURES
Ao pre-exponential factor of k (kJ/mol)
A pre-exponential factor of the molecular mapill/zc
(kJ/mol)
ASOW the amount of the self-organizee&mi@s-d.b.)

AASOW=c the slope of the ASOM¢-~straight line(%-d.b./s)
Ba beef meat produced in Australig
By beef meat produced in Hokkaido, Jagan
D water diffusion coefficier{m?/h)
Dg frequency factor of Im?/h)
De effective water diffusion coefficiefrt’/h)
D&’ pre-exponential factor of Ded D, , n/h)

E activation energy of the heterogeneous cata(isimol)
Ep activation energy of water diffusiviikd/mol)
Eso activation energy of the self-organizatifikd/mol)
FCTCO forced cyclic temperature change operaiyn

I nuclear spin quantum number of water pro{ef.5) (-)

La half distance of a-axis of the rectangular sam(phé

Ly half distance of b-axis of the rectangular sanm(pig

L¢ half distance of c-axis of the rectangular sam(pig

M magnitude of magnetization vedtgr
Mo  magnitude of macroscopic equilibrium magsaion vector
¢

MWC  modified water conte(®o-d.b.)

Py pork meat produced in Hokkaido, Jap@h
R gas constarft8.314J/K-mol)
r proton-proton distance of water molecte0.16 nm)
SOW self-organization of the water spe¢igs
A4S activation entropykJ/K-mol)
T  temperature at the time to evaluate(K)

T, spin-spin relaxation time of water prot¢s)

Tp  drying temperaturg°C)

t drying time(s)
ty the initiation temperature of the selffanization of water
species in the course of the FCTCQ)
t, the returning temperature of the selfanization of water

species in the course of the FCTGEL)
ts spin locking pulse lengis)
W water content at the drying tini€%-d.b.)

W, initial water content for the given sampBé-d.b.)
Wp initial water content of drying flesh sampB#-d.b.)
We  equilibrium water contenf%-d.b.)

Greek letters

o amplitude of the forced oscillation responég

& porosity of the food tissug)
z  the ratio of the circumference of a circleit® diameter
(=3.14)

y gyromagnetic ratio of protofr2.675<1CP radT 5%
h modified Plank’s constaf#6.63<10°4 JS)
ay,  resonance frequen¢y3.14x10° s%)
Tc correlation time of water protafs)
Crc  critical correlation time of water protofs)
x labyrinth factor of the food tissug)
6  diffusibility(=e /) (-)
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