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A combination of '"H and ®*Na NMR is used to probe the
dynamic state of water in gelatine gels as the water content is
lowered from 70% to dryness. A sharp increase in the proton and
sodium transverse relaxation rates is observed as the water content
falls from 20 to 15% while the proton longitudinal and dipolar
cross relaxation rates show a maximum at ca. 15%. We show that
these observations can be understood if monolayer coverage occurs
at 15% and multilayers of less strongly interacting hydration water
are formed between 15 and 20%. Above 20% the water appears to
behave as an unperturbed bulk phase. © 1999 Academic Press

Key Words: time domain nuclear magnetic resonance; relax-
ation time; correlation time; matrix mobilization; cross-relaxation.

tively short in very low water content systems, so, when this i
the case one must resort to proton relaxation and suffer tl
possible interpretational complexities of proton exchange ar
dipolar cross relaxation.

Although proton relaxation has been studied in a number
diverse food-related materialg)( we have chosen to focus our
low-water-content proton relaxation studies on gelatin gel:
These gels give single exponential water proton transver:
relaxation showing that our NMR relaxation measurements ¢
not probe spatial heterogeneity in these gels. This is consiste
with a structure based on a cross-linked network of protei

chains showing no spatial heterogeneity above the macrom
lecular distance scale. Indeed, we have already successft
interpreted the dilute regime using the proton exchange cros

Water plays an important role in foods because of its inﬂlﬁglaxatlon model & 9), which assumes spatial ho_mogenelty
ove the macromolecular distance scale. In this paper \

ence on mechanical and rheological properties and its effect ‘ tend the studv to | ‘ tents which
the rates of chemical, enzymatic, and microbial spoilage reaacrefore extend the study to lower water contents which a

tions that limit food shelflife. Of the many techniques that Carrs?levant to_ a much vylder range of real food materials.

be used to study water—biopolymer interactions in foods, NMRour earlier, preliminary stgd|es of more concentrated gelz
is unique in that, depending on the choice of pulse sequencé',rl{e systemsq-12 and of .dr|ed carrots1@) showed that the
can probe the dynamic states of both the water and the biopdifiount of a slowly relaxing proton pool (measured by the
mer on a variety of time scales. Several high-resolution NMBarameteMO,/FID.,, described later) increases dramatically
studies on dilute aqueous solutions of low molecular weigh€n the water content rises above about 20%. (Assigning
proteins have shown that, by combining relaxation time a,ﬁ@s slowly relaxing proton pool to particular chemical specie:
NOE measurements, it is possible to build a detailed picture i§f0t straightforward. Itis tempting to assume that below 20%
the dynamics of water—biopolymer interactions; several welhe water strongly interacts with the protein and is not availabl
characterized examples now exist in the literature2). At- 0 solvate other molecular species. Only above this critice
tempts to extend these studies to more concentrated biopd¥@ter content will water then become available to solubiliz
mer solutions eventually fail because polymer entanglemd@tein fragments derived from gelatin. Alternatively, it could
reduces the transverse relaxation time and broadens the spécthat water contents above 15-20% plasticize the gelatin ¢
tral lines. For this reason low water content biopolymer syg§etwork, in which case it is the mobility of the gel network
tems are preferably studied by multinuclear relaxation dispdiself that is being monitored. Yet another possibility is tha
sion techniques. Proton and deuterium relaxation [Rgoton exchange between the water and exchangeable gel
complicated by the existence of chemical exchange betwe@i@ton pool only occurs at water contents exceeding 15-20
the water and biopolymer and, in the case of longitudinand is associated with an increase in the slow relaxing prot
proton magnetization, by dipolar cross relaxation. For thgomponent. It should be pointed out that glassy transitio
reason water oxygen-17 relaxation is the nucleus of choice apltenomena cannot be responsible for the changes in relaxat
a number of oxygen-17 dispersion studies have been undeghavior as the glass transition temperatiiig,is so high for
taken on concentrated sugar solutioBs4), protein ), and gelatin gels at these low water contents that it cannot L
polysaccharide systems)( Unfortunately, the water oxy- measured without degrading the gelatin.

gen-17 (and deuterium) relaxation times can become prohibi-Distinguishing these various possibilities is not straightfor
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ward. If the first hypothesis is true, that water contents fiunction ofx, for x equal to 42 and 73s, may be considered
excess of ca. 20% permit the dissolution of other, low moleequal to—R,src. MO, may then be calculated as the expo-
ular weight solutes, then there should also be a sharp increasatial of the intersection at the origin. In the same wa if
in the mobility of ions such as sodium in gelatin-salt gels. Foepresents the amplitude of the signal 14 after the 90-t—
this reason we have supplemented our gelatin gel proton st@@° sequence, the slope of the plot of the logarithm of [(kID
ies with ?Na NMR relaxation measurements. Additional in— M,)/FID ;] as a function of, for t equal to 7 and 70 ms, was
sight can be gained by comparing the proton transverse, l@monsidered equal te- R;. Measurements were performed at 11
gitudinal, and magnetization transfer rates at sevenab after the sequence and not at £ because preliminary
spectrometer frequencies. experiments had revealed that at 20°C, the relaxation can
In this paper we therefore present a systematic multinuclezmsidered monoexponential (the f&tcomponent only rep-
study of relaxation in gelatin gel over a range of water contentssents 5% of the total population). These times were chosen
from O to 65% by weight and use the data to test the varioas to give the greatest variation for the different water content

hypotheses about the dynamic state of the system. In order to correct for variability in sample siz®l0,/FID,,
was calculated for each sample. In a second step, classi
EXPERIMENTAL sequences such as CPMG Ry or inversion—recovery (I-R)
for R, were used to validate the estimates obtained using tl
Sample Preparation above sequence®; was measured with an IR time delay

. . . ranging from 0.5 ms to 3 s. For th®, two CPMGs were used
Gelatins with variable water contents were prepared t‘),y ging R

: : ith 90-180 int Ise del ing bet 100 and
drying a 70% water content gelatiil). Warm water was ! interpulse delays)(varying between an

) . 500 us. The number of measurements was optimized to ensu
a.ddEd o the goelatm powdgr (PROLABO), W.h'Ch was left tgufficient points in the fast relaxing zone and a relatively sho
dissolve at 58°C for 30 min. To prevent microbial grOWthbaseline

. . 0 : )
sodium azide (0.05%) was added to the gelatin. This alsoCross-relaxation rates were determined with the compe

provided sufficient sodium for the RaNMR experimelnts Pswated Goldman—Shen sequent, (15 with a time delay of 50

deIS(i_nbeq tlaterF.> ?g?tlrr: tgels hW?rr?t p][eopgreid by Irt)ourln?ht & so that the rapidly relaxing solid component was complete
solution into a Fetri dish to a height of 9.5=1 cm. Tt was laxed while leaving substantial signal in the mobile compc
left to set in a sealed jar with a moisture content of 1000%ent Variable contact times of 04 to 10 s were then used

Then, 0.5 cm cubes were cut from the gel and dried at 30 CtI monitor magnetization transfer. Longitudinal relaxation dur

hermetically sealed jars containing saturated NaOH. They we the contact time was partly compensated by adding t

removed at different times in order to obtain a broad range 9 . . . .
. ; Ignals acquired after phase cyclirid). Points were acquired
water concentrations~<0-70%, approximately). NMR tubes egtween 1q2 and 14s I(deell ti)r/nez 0.2 us, 11 points(; and

\(/jverel filled tto Sdcm hhelght anhd sealed tg i/\\//md Tr']crObll tetween 50 and 6@s (dwell time= 0.2 us, 51 points) after
evelopment and exchange pnenomena between the ge third 90° pulse in order to characterize both the growin

and the atmosphere. The moisture contents of the geleg'za;d and the decreasing liquid components. To improve th

powder and of the prepared samples were measured by weg F]al/noise ratio, the two sets of points were averaged.
loss after drying for 24 h at 106°C. Results are expressed on he proton NM,R measurements at 100 and 300 MHz wer

wet basis. only carried out on six gelatin samples with water content
ranging from 5 to 65% water (wet basis). CPMG sequence
with 90-180° pulse spacings varying between 100 andpiz00

The measurements of the relaxation curves were carried and with points acquired every 1 or 2 echoes were used
at 20°C on a Bruker 20 MHz Minispec pc120 with an audiacquire the transverse relaxation curves. For each sample,
filter bandwidth of 1 MHz and a phase sensitive detector. Tlsequence parameters were optimized to correctly character
measurements of the cross-relaxation flux were performed ohath the fast and slow relaxing components. For the water-po
limited number of samples at the same temperature on samples, the reduced signal-to-noise was compensated by
Oxford Instuments 20 MHz QP20 with a filter of 1 MHz.creasing the number of accumulated scans to 64. Longitudir
Longitudinal and transverse relaxation curves were also aelaxation recovery envelopes were acquired using inversiol
quired at 100 and 300 MHz, respectively, on Bruker MSL 10@covery sequences with 128 points and a step of either 10
and MSL 300 spectrometers thermostated at 23°C. 25 ms, depending on the sample hydration.

For the 20 MHz proton measurements &-96-90° pulse “Na NMR experiments were performed with a high-powe
sequence, involving an FID and a progressive saturation, wasadband probe on a Bruker MSL 300 spectrometer operating
used for simultaneous estimation &;, R% slow relaxing 79.387 MHz for sodium. The FID was measured with a dwel
component R%.,) and its initial amplitude K0, (11, 13. If time of 17 us for the water-rich samples (512 scans) and a dwe
FID, is used as the amplitude of the signals after the first time of 4 us for the water-poor samples (4096 scans). Relaxatic
90° pulse, the slope of the plot of the logarithm of Fl&s a times were determined by Lorentzian fitting of the sodium line

NMR Measurements
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amplitude proton exchange rate is expected to become very slow on t
1.25 NMR relaxation time scale so all transfer between the wate
FID,, and biopolymer pools should cease at sufficiently low wate

1.00 - XMoo, contents. The observation of fast and slow relaxation comp
X ©0000000006000606000000 nents in the FID (see Fig. 1) lends credence to this expectatic

075 L X The situation with the longitudinal magnetization is more
MO ~-x-?<.>.<xx complicated. In addition to proton exchange, secular dipole
050 | . TR KK XXX X XX ¢ cross relaxation can also transfer longitudinal magnetizatic
between the water and biopolymer pools and permit spi

025 | * diffusion between the various exchangeable and nonexchan
0.00 ®0000000, 00000000000 able gelatin proton pools. The effects of these exchange pr

cesses on longitudinal relaxation in the dilute regime has bet
0 0.02 004 006 008 01 012 described in previous workg]. The analysis of the low-water
time (msec) content regime, when proton exchange can be neglected, w
FIG. 1. Normalized amplitude of the FID curves for gelatins observed &€ the subject of the next section.
20 MHz and 20°C at different water conten®: (4.93; —: 15.86;x: 20.1;<:

57.73%, wet basis). The extrapolated signal intensity for the slow relaxing TRANSVERSE 'H AND ®Na RELAXATION

componentMO, is indicated as well as the total signal intensity atis],
FID,,. AT LOW WATER CONTENTS

Figure 1 shows the fast and slow decaying components

shape. In theory, this is only an apparent transverse relaxation tifig fré€ induction decay (FID) of concentrated and dilute
because sodium has a spin numbes, &fo the signal should be gelatin geI;. Althoggh it is not possible to assign thgse con
biexponential with a ratio of 60:40, if all the sodium is NMR-Ponents with certainty, we proceed on the hypothesis that t
visible, and the peaks would not be Lorentzian. In practice wePW-relaxing component arises from hydration water, togeth

were unable to detect any nonexponential behavior and the [if4th mobilized low molecular weight oligopeptides and pos-
shape was well fitted with a single Lorentzian. sibly the extremities of gelatin chains. The fast-decaying con

ponent we assume arises from rigid gelatin protons. The rat

THE PROTON-EXCHANGE CROSS-RELAXATION MoDEL (MOs/FID,,) of the amplitude of the slow relaxing component,
MO, obtained by extrapolation to zero time, to the initial

The proton exchange cross-relaxation mo(ﬁﬂq that has amplitude after 11LS, FID,, is a useful measure of the amount
been developed for water-rich biopolymer systems will bef the mobile component (or hydration water) and this ratio i
briefly reviewed here to identify its limitations at lower water
contents. The model assumes four proton pools, each associ-
ated with their own intrinsic proton transverse and longitudin | §
relaxation times. The first pool consists of bulk water whos | -
motion is essentially unperturbed by biopolymer interaction ™
The second pool consists of hydration water, whose correlati1.4
times are lengthened by interaction with the biopolymer. E:; ,
changeable gelatin protons make up the third pool, while tl
nonexchanging gelatin protons form the last pool. In the dilu 1.0
regime there is fast exchange of water between the first tvg.g f
pools, i.e., between the bulk and hydration water, so on t i
NMR measurement time scale they can be considered aO‘6
single pool. The analysis of the various exchange processe: 0.4
the dilute regime then proceeds as follows. Dipolar cro: 5 4
relaxation mechanisms are inoperative with transverse mag p SN R
tization, so proton exchange between the water and exchan 0.0 5 5 10 15 20 25 30 35 40 45 50 55 60 65 70
able biopolymer protons provides the principal transfer mec water content (% wet basis)
anism. Moreover, spin diffusion between the biopolme  ®yoe/FIDIT ™ 1/R, Nat
exchangeable and nonexchangeable proton pools is also non- - _ _ _
existent for transverse magnetization, so the nonexchang(ijrﬁ\?G' 2. Initial "H NMR signal amplitude of the slow relaxing protons

. . . ded by the amplitude of the FID signal at }is (@: MO,/FID,) and
proton pOOl appears as an isolated S|gnal in the proton E)D (sodium relaxation timesm(: **Na 1/R,) as a function of the water content. A

Similar Cons_iderations are expected to apply in the low-wat@frqden change in slope is visible for both parameters in the 10-20% wa
content regime, except that at very low water contents thentent region.
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FIG. 3. Transverse relaxation rates {sof gelatin measured at 20 MHz as

a function of water content({) from the FID; @) from the CPMG sequence. FIG. 4. Apparent correlation time,,,; calculated from th&, equation as
a function of water contents of the gelatins. The bound water fraajioras

taken as equal to 1 in the water content region 0—20% and estimated from F
. . . . 5 for higher moisture contents.
plotted as a function of water content in Fig. 2. This plot shows

a clear discontinuity at water contents between 15 and 20%

and, if our hypothesis is correct, could correspond to remoweg@ntent and shows an almost linear evolution as the wat
of multilayer water down to monolayer coverage. In othegontent is decreased below 20%. The bound water fractjon,
words, multilayer hydration water only begins to be formed a¢as estimated from our previous study on gelatin, whicl
water contents exceeding ca. 15%. If so, dehydrating beld@@inted out the analogy between the sorption isotherm and tl
15% should remove progressively more strongly adsorbéépendence of the FID amplitude of the mobile water on wae
water from the monolayer and should result in apparent igontent (see Fig. 5, taken from Réfl)). Below the inflection
creases in the transverse relaxation rate of the mobile comp@int B in Fig. 5,m can be considered to be unity, but at wate!
nent and in its associated correlation times. The amplitude drepntents aboveB, 7 is given as the ratio of DE/CE. It is
of MO./FID,, from 0.8 to 0.4 when decreasing water conteniteresting to note that the inflection point B occurs at 18.89
could correspond to several phenomena such as water mobif@ter, which corresponds to 0.23 g water per g dry gelatir
zation or solute mobilization. Figure 3 shows the dependeniiighly the same as the amount of nonfreezing water in gelat
of the transverse relaxation rat,, for the slowly relaxing (16). This is consistent with the hypothesis that only bulk
component on water content, measured both from the FID am¢gter, not adsorbed, multilayer water, can be frozen.

at higher water contents, with the CPMG sequence. Once agaiff our supposition that multilayer water only exists above ca
a transition to higher values at water contents below 20% 16% is correct, one would expect that solutes, such as sodit
apparent. In Fig. 4 we have analyzed this relaxation rate with

a single correlation time model, according to the well-known

equation water content (% wet basis)

R, = 2nC/3{J0, 7o) + (5/3)I(wy, 7o)

+(2/3)3(2wo, 79} + (1 = M) Row,
(1]

70

|
60~

|
50-

|
40°

|
0.
i

where :

Jw, 1) = 7d(1 + w?7d). [2] ]
w, IS the proton Larmor frequency, is the fraction of bound 10 i
water molecules, and the dipolar coupling constéhtjs 2.5 . . L i . ‘ G B
10" s7? for water.R,,,, the relaxation rate for pure, bulk water, ofF 0l ez a3 o4 05 06 07 0808
is close to 0.5 &, so the term (1- m) R, can be neglected normalized amplitude of the FID signal at 107 psec

compared to the other terms. Figure 4 shows the dependence pifg. 5. Evolution of gelatin water content as a function of the normalizec
the correlation time,r., calculated from Eq. [1] on water FID amplitude in the slow relaxing zone, measured at 87
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25 longitudinal relaxation rate on water content, which is include
R in Fig. 6. In the rigid lattice regime the intrinsi€, of the
20 | ! gelatin protons is expected to be quite long, possibly sever
seconds. In contrast, the more mobile hydration water adsorb
15 L on the gelatin surface is expected to have a shorter intrinsic
The longitudinal magnetization is therefore expected to rela
10 L k by transfer to the hydration water, which acts as a relaxatic
sink for the gelatin longitudinal magnetization. The observa
5 1 tion that theT, data parallels th& data in Fig. 6 suggests that
the rate-limiting step in this relaxation process is the transfer ¢
0 \ J magnetization from the gelatin to water protons with a kede

that R, = ak, wherea is a proportionality constant. If the
relaxation time of the water protons is shorter than that of th
gelatin protons, one would, in general, expect to observe bie

FIG. 6. Comparison of the longitudinal relaxation ratg,(0J), with the  ponential longitudinal relaxation. This is not, in fact, observec
cross-relaxation ratek,., (@), at 20 MHz for gelatin as a function of water presumably because of the low relative number of water pr
content.

tons.

Additional support for this interpretation is to be found from

an analysis of the water correlation time calculated using tt

ions, would only be mobilized at water contents exceeding tisgidinal relaxation rate. If, somewhat naively, we were tc

water content. To test this prediction, the dependence of t]'?@glect cross relaxation and assign the obseRgetb water,
Na’ linewidth on water content in the gelatin gels was ok

T S hen, analogously to Eq. [1], the single correlation time mode
served. The data is included in Fig. 2 and appears to BF'edicts

consistent with our supposition in that, at or below 15%, the
sodiumT, is too short to be measured reliably and above 15%
there is a transition to much longer relaxation times. Above

0 10 20 30 40 50 60 70
water content (% wet basi)s)

R: = 21C/3[ J(wg, 7o) + 2J(2wg, 7o) ]

20% theT, (=1/R,) increases with increasing water content + (1 - 1) Ry, [4]
as the amount of bulk hydration water increases and the mean
lifetime of ions in the adsorbed water layer decreases. An apparent correlation time can now be calculated from Eq

[1] and [4] by fitting the ratioR,/R, and neglecting the terms
LONGITUDINAL AND DIPOLAR CROSS RELAXATION  in (1 — m). The result is plotted in Fig. 7 and shows a large
discrepancy with the correlation time calculated using only th
The dependence of the dipolar cross relaxation rate fivansverse relaxation rate, which does not involve dipolar cro
longitudinal magnetizationk, measured with the Goldman-relaxation (see Fig. 3). This strongly suggests that cross rels
Shen sequence, on water content is plotted in Fig. 6 and shatisn cannot be neglected and supports the original assumpiti
an obvious maximum at a water content of ca. 15%. This
maximum can be understood if it is noted that the observed
rate,k, is the producP|a|, whereo is the cross relaxation rate correlation times (s) x 107
between a single proton pair, one proton belonging to hydra- 30
tion water and the other to a rigid protein chaip;is the
number of hydrating water protons, proportional to the water
content. Below 15%, the gelatin chains are in the rigid lattice »g | o
regime ando assumes a constant maximum value limited by
spin diffusion within the protein latticel{). Between 0 and ca. 15 L g
15%,k is therefore given apo ..« and increases linearly with
water content, reaching a maximum value at ca. 15%. Above o
15% the pairwise cross relaxation rate begins to decrease 5 | e o "
because of the rapidly decreasing correlation time of the water B o ogg oy
(see Fig. 3). This decrease with decreasinfpllows from the 0
form of the spectral density functions fer(8), namely, 0 10 20 30 40 50 60 70

water content (% wet basis)

25 + [' € appi

app2

‘I:I TC

lo| = (C#10)|3(0, 7o) — I 2wy, 7). [3]

FIG. 7. Comparison betweeen the correlation timg,{,) calculated from
o ) R, Eq. [1] and the correlation timer{,,,y), obtained using botR; andR, as
A very similar explanation accounts for the dependence of theunction of the water content.
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FIG. 9. Calculated dependence of the relative proton populations witl

FIG. 8. R, at three different frequencies: 20°), 100 (J), and 300 MHz water content in gelatin gel®?,, exchangeable protons from watd?;,,
(A), as a function of water content. nonexchangeable gelatin protoms;, exchangeable gelatin protons.

that the longitudinal relaxation rate is actually proportional tand not with the slow-relaxing “mobile” proton pool at 15%
the dipolar cross relaxation rate. Additional confirmation iwater content. This deduction is entirely consistent with th
found in the dependence of the longitudinal relaxation rate onultilayer water model because the removal of multilaye
spectrometer frequency (Fig. 8). According to Eq. [8f, water will increase the lifetime of the water molecules ad
decreases with increasing spectrometer frequency, so thagadfbed at the protein binding sites, thus converting them fro
the previous arguments are correct, this should also result ifnaobile” to “solid-like” protons. The rigidity of the protein
decrease iR, with increasing spectrometer frequency, whiclhains, and hence the correlation time of the adsorbed wat
is obviously the case in Fig. 8. will also increase as the plasticization effect of multilayel
It is instructive to estimate the relative proton populationgater is lost. However, the figures in Table 1 show that th
from the known amino acid population of gelatibg]. Figure increase in mobile proton fraction between 15 and 20% cann
9 shows the dependence Bf,, the proton fraction of water; result solely from the mobilization of nonexchanging gelatir
P., the fraction of macromolecular nonexchanging protongrotons because their proton fractid?,, is too small and it
andP,, the fraction of exchangeable gelatin protons, on watdpes not change significantly between 15 and 20% wat
content. Not surprisinglyP,, increases with water contentcontents. In other words, these results contradict the hypothe
while P,, andP, decrease. However, some interesting concltihat the observed changes are caused entirely by matrix mo
sions can be drawn by comparing the calculated proton pogigation.
lations in Fig. 9 with the change in the fraction of mobile
protons obtained from Fig. 5. In the transition region between DISCUSSION
15 and 20% water, the calculated proton fractions, obtained ] ) ) o
from Fig. 9, are compared in Table 1. At 20% water content the The first and most obvious conclusion of our analysis is th
ratio MO, /FID,, is 0.8 and the sumR,, + P,) is 0.83. The d|§tlnct transition occurring in the relaxatlon and cross relax
near equality of these ratios shows that at 20% water conte’%‘ﬁ,‘?n rates at water contents of ca. 15%. This water content, v
all of the exchangeable proton pool is mobile. However, trR€lieve, corresponds to monolayer coverage of the gelat
ratios are quite different at 15% water content. The rathains, a conclusion that is consistent with our observation th
MO./FID,, has fallen sharply to 0.4 while the fraction ofthe sodium NMR relaxation times also show a dramatic in
exchangeable proton®( + P,) is still 0.75, which implies
that only 53% of the exchangeable protons are still “mobile”
and contribute to the slow-relaxing component of the FID. If
we assume that proton exchange has effectively ceased on the
NMR time scale at 15% water content, then the exchangeable

TABLE 1
Population Proportions Estimated from Fig. 9,
for Gelatins at 15% and 20% Water

gelatin proton poolP,, will be associated with the fast-relax-popylation 15% water content 20% water content
ing gelatin proton poolP . This leaves only the water proton

pool, P, which is 0.63 at 15% water content. Because the P 0.12 0.09

mobile proton fraction is only 0.4, a fraction (0.63-0.4) of Em g'gg 8';1

water is associated with the fast-relaxing “rigid” proton poal
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crease at water contents in excess of 15%, presumably becdWA-LRTL, Laboratoire de Technologie Laitie, Rennes, France) for de-
of their solvation in the multilayer water. The observation thagmining the gelatin amino acid composition.

the changes in the longitudinal water relaxation rate with
changing water content parallel those of the cross relaxation
rates strongly suggests that the rate-limiting step is transfer of
longitudinal magnetization between the hydration water and. r. M. Brunne, E. Liepinsh, G. Otting, K. Wathrich, and W. F. van
the biopolymer. Comparison of the proton population fractions Gunsteren, J. Mol. Biol. 231, 1040 (1993).

with the fraction of mobile and immobile protons shows that. G. Otting, E. Liepinsh, and K. Wuthrich, Science 254, 974 (1991).
the fraction of slow-relaxing, mobile protons increases much. P. S. Belton, S. G. Ring, R. L. Botham, and B. P. Hills, Mol. Phys.
faster than the calculated fraction based on water content alone.72, 1123 (1991).

There could be various reasons for this. Adding water to thé B. P. Hills, H. Tang, P. S. Belton, A. Khalik, and R. Harris, J. Molec.
system increases the mobility of the solid matrix and therefore Liquids 75, 45 (1998).

lengthens correlation times. However, there are insufficierit B- Halle, T. Anderson, S. Forsen, and B. Lindman, J. Am. Chem.
gelatin protons to account for the observed increase in the Soc. 103, 500 (1981).

mobile fraction. Proton exchange will become significant a§- T- O Thomas and J. C. Leyte, Mol. Phys. 91, 715 (1997).
multilayer water is introduced, and this will add the fraction of7- A- M. Gill, P.S. Belton, and B. P. Hills, Ann. Rep. NMR Spectrosc.
exchangeable gelatin protons to the mobile pool. But this is 32,1 (1,996)'

also insufficient to account completely for the increase iff: B P Hills, Mol. Phys. 76, 489 (1992).

mobile fraction. Our analysis suggests that the main contri: B P- Hills, Mol. Phys. 76, 509 (1992).

uting factor is the increased mobility of water associated wifl- M- C. Vackier and D. N. Rutledge, J. Mag. Res. Anal. 2, 311 (1996).
the formation of hydration multilayers, caused by the fadt- M. C. Vackier and D. N. Rutledge, J. Food Chem. 57, 287 (1996).
exchange of water between bulk and adsorbed sites. It WOQIRj M. C. Vackier, A. S. Barros, and D. N. Rutledge, J. Mag. Res. Anal.
be especially interesting to extend the frequency range of our 2, 321 (1996).

measurements with a field cycling spectrometer and compape J- P- Monteiro Marques, D. N. Rutledge, and C. J. Ducauze, Leb-
the proton, deuteron, and oxygen-17 relaxation dispersions. ens.-Wiss. Technol. 24, 93 (1991).

This approach has been especially fruitful in the dilute regintd: M- Goldman. and L. Shen, Phys. Rev. 144, 321 (1966).

(19), but has yet to be extended into the low-water-conteft: - J- Packer and J. M. Pope, J. Magn. Res. 55, 378 (1983).

REFERENCES

regime of concern in this article. 16. I. D. Kuntz, Jr., and W. Kauzmann, Adv. Protein Chem. 28, 239
(1974).
ACKNOWLEDGMENTS 17. H. T. Edzes and E. T. Samulski, Nature 265, 521 (1977).

18. A. White, P. Handler, and E. L. Smith, “Principles of Biochemistry,”
The authors gratefully acknowledge financial support from the INRA (In-  P- 980, McGraw-Hill, London (1973).
stitut National de la Recherche Agronomique). They also thank Michel Pia®. B. Halle and V. P. Denisov, Biophys. J. 69, 242 (1995).



	INTRODUCTION
	EXPERIMENTAL
	THE PROTON-EXCHANGE CROSS-RELAXATION MODEL
	FIG. 1

	TRANSVERSE 1H AND 23Na  RELAXATION AT LOW WATER CONTENTS
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6

	LONGITUDINAL AND DIPOLAR CROSS RELAXATION
	FIG. 7
	FIG. 8
	FIG. 9

	DISCUSSION
	TABLE 1

	ACKNOWLEDGMENTS
	REFERENCES

