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A combination of H and Na NMR is used to probe the
ynamic state of water in gelatine gels as the water content is

owered from 70% to dryness. A sharp increase in the proton and
odium transverse relaxation rates is observed as the water content
alls from 20 to 15% while the proton longitudinal and dipolar
ross relaxation rates show a maximum at ca. 15%. We show that
hese observations can be understood if monolayer coverage occurs
t 15% and multilayers of less strongly interacting hydration water
re formed between 15 and 20%. Above 20% the water appears to
ehave as an unperturbed bulk phase. © 1999 Academic Press

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

INTRODUCTION

Water plays an important role in foods because of its in
nce on mechanical and rheological properties and its effe

he rates of chemical, enzymatic, and microbial spoilage
ions that limit food shelflife. Of the many techniques that
e used to study water–biopolymer interactions in foods, N

s unique in that, depending on the choice of pulse sequen
an probe the dynamic states of both the water and the bio
er on a variety of time scales. Several high-resolution N

tudies on dilute aqueous solutions of low molecular we
roteins have shown that, by combining relaxation time
OE measurements, it is possible to build a detailed pictu

he dynamics of water–biopolymer interactions; several w
haracterized examples now exist in the literature (1, 2). At-
empts to extend these studies to more concentrated bio
er solutions eventually fail because polymer entangle

educes the transverse relaxation time and broadens the
ral lines. For this reason low water content biopolymer
ems are preferably studied by multinuclear relaxation dis
ion techniques. Proton and deuterium relaxation
omplicated by the existence of chemical exchange bet
he water and biopolymer and, in the case of longitud
roton magnetization, by dipolar cross relaxation. For
eason water oxygen-17 relaxation is the nucleus of choice

number of oxygen-17 dispersion studies have been u
aken on concentrated sugar solutions (3, 4), protein (5), and
olysaccharide systems (6). Unfortunately, the water oxy
en-17 (and deuterium) relaxation times can become pro
36090-7807/99 $30.00
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ively short in very low water content systems, so, when th
he case one must resort to proton relaxation and suffe
ossible interpretational complexities of proton exchange
ipolar cross relaxation.
Although proton relaxation has been studied in a numb

iverse food-related materials (7), we have chosen to focus o
ow-water-content proton relaxation studies on gelatin g
hese gels give single exponential water proton transv
elaxation showing that our NMR relaxation measuremen
ot probe spatial heterogeneity in these gels. This is cons
ith a structure based on a cross-linked network of pro
hains showing no spatial heterogeneity above the macr
ecular distance scale. Indeed, we have already succes
nterpreted the dilute regime using the proton exchange c
elaxation model (8, 9), which assumes spatial homogene
bove the macromolecular distance scale. In this pape

herefore extend the study to lower water contents which
elevant to a much wider range of real food materials.

Our earlier, preliminary studies of more concentrated g
ine systems (9–12) and of dried carrots (13) showed that th
mount of a slowly relaxing proton pool (measured by
arameterM0src/FID11, described later) increases dramatic
hen the water content rises above about 20% (12). Assigning

his slowly relaxing proton pool to particular chemical spe
s not straightforward. It is tempting to assume that below 2
he water strongly interacts with the protein and is not avail
o solvate other molecular species. Only above this cri
ater content will water then become available to solub
rotein fragments derived from gelatin. Alternatively, it co
e that water contents above 15–20% plasticize the gelat
etwork, in which case it is the mobility of the gel netwo

tself that is being monitored. Yet another possibility is t
roton exchange between the water and exchangeable g
roton pool only occurs at water contents exceeding 15–
nd is associated with an increase in the slow relaxing p
omponent. It should be pointed out that glassy trans
henomena cannot be responsible for the changes in rela
ehavior as the glass transition temperature,Tg, is so high for
elatin gels at these low water contents that it canno
easured without degrading the gelatin.
Distinguishing these various possibilities is not straight
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37NMR RELAXATION STUDY OF WATER IN GELATIN GELS
ard. If the first hypothesis is true, that water content
xcess of ca. 20% permit the dissolution of other, low mo
lar weight solutes, then there should also be a sharp inc

n the mobility of ions such as sodium in gelatin-salt gels.
his reason we have supplemented our gelatin gel proton
es with 23Na NMR relaxation measurements. Additional
ight can be gained by comparing the proton transverse
itudinal, and magnetization transfer rates at sev
pectrometer frequencies.
In this paper we therefore present a systematic multinu

tudy of relaxation in gelatin gel over a range of water cont
rom 0 to 65% by weight and use the data to test the va
ypotheses about the dynamic state of the system.

EXPERIMENTAL

ample Preparation

Gelatins with variable water contents were prepared
rying a 70% water content gelatin (11). Warm water wa
dded to the gelatin powder (PROLABO), which was lef
issolve at 58°C for 30 min. To prevent microbial grow
odium azide (0.05%) was added to the gelatin. This
rovided sufficient sodium for the Na23 NMR experiment
escribed later. Gelatin gels were prepared by pouring
olution into a Petri dish to a height of 0.5–1 cm. It was t
eft to set in a sealed jar with a moisture content of 10
hen, 0.5 cm cubes were cut from the gel and dried at 30
ermetically sealed jars containing saturated NaOH. They
emoved at different times in order to obtain a broad rang
ater concentrations ('0–70%, approximately). NMR tub
ere filled to 3 cm height and sealed to avoid micro
evelopment and exchange phenomena between the g
nd the atmosphere. The moisture contents of the ge
owder and of the prepared samples were measured by w

oss after drying for 24 h at 106°C. Results are expressed
et basis.

MR Measurements

The measurements of the relaxation curves were carrie
t 20°C on a Bruker 20 MHz Minispec pc120 with an au
lter bandwidth of 1 MHz and a phase sensitive detector.
easurements of the cross-relaxation flux were performed

imited number of samples at the same temperature o
xford Instuments 20 MHz QP20 with a filter of 1 MH
ongitudinal and transverse relaxation curves were also
uired at 100 and 300 MHz, respectively, on Bruker MSL
nd MSL 300 spectrometers thermostated at 23°C.
For the 20 MHz proton measurements a 908–t–908 pulse

equence, involving an FID and a progressive saturation
sed for simultaneous estimation ofR1, R*2 slow relaxing
omponent (R*2src) and its initial amplitude (M0src) (11, 13). If
IDx is used as the amplitude of the signalx ms after the firs
0° pulse, the slope of the plot of the logarithm of FIDx as a
n
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unction ofx, for x equal to 42 and 73ms, may be considere
qual to2R2src. M0src may then be calculated as the ex
ential of the intersection at the origin. In the same way, iM t

epresents the amplitude of the signal 11ms after the 908–t–
08 sequence, the slope of the plot of the logarithm of [(F11

M t)/FID11] as a function oft, for t equal to 7 and 70 ms, w
onsidered equal to2R1. Measurements were performed at
s after the sequence and not at 70ms because prelimina
xperiments had revealed that at 20°C, the relaxation ca
onsidered monoexponential (the fastR1 component only rep
esents 5% of the total population). These times were chos
s to give the greatest variation for the different water cont

n order to correct for variability in sample size,M0src/FID11

as calculated for each sample. In a second step, cla
equences such as CPMG forR2 or inversion–recovery (I-R
or R1 were used to validate the estimates obtained usin
bove sequences.R1 was measured with an IR time de
anging from 0.5 ms to 3 s. For theR2, two CPMGs were use
ith 90–180 interpulse delays (t) varying between 100 an
00ms. The number of measurements was optimized to en
ufficient points in the fast relaxing zone and a relatively s
aseline.
Cross-relaxation rates were determined with the com

ated Goldman–Shen sequence (14, 15) with a time delay of 50
s so that the rapidly relaxing solid component was comple

elaxed while leaving substantial signal in the mobile com
ent. Variable contact times of 0.2ms to 10 s were then us

o monitor magnetization transfer. Longitudinal relaxation d
ng the contact time was partly compensated by adding
ignals acquired after phase cycling (15). Points were acquire
etween 12 and 14ms (dwell time5 0.2 ms, 11 points) an
etween 50 and 60ms (dwell time5 0.2 ms, 51 points) afte

he third 90° pulse in order to characterize both the grow
olid and the decreasing liquid components. To improve
ignal/noise ratio, the two sets of points were averaged.
The proton NMR measurements at 100 and 300 MHz w

nly carried out on six gelatin samples with water cont
anging from 5 to 65% water (wet basis). CPMG seque
ith 90–180° pulse spacings varying between 100 and 20ms
nd with points acquired every 1 or 2 echoes were use
cquire the transverse relaxation curves. For each samp
equence parameters were optimized to correctly charac
oth the fast and slow relaxing components. For the water
amples, the reduced signal-to-noise was compensated
reasing the number of accumulated scans to 64. Longitu
elaxation recovery envelopes were acquired using invers
ecovery sequences with 128 points and a step of either
5 ms, depending on the sample hydration.

23Na NMR experiments were performed with a high-po
roadband probe on a Bruker MSL 300 spectrometer operat
9.387 MHz for sodium. The FID was measured with a d

ime of 17ms for the water-rich samples (512 scans) and a d
ime of 4ms for the water-poor samples (4096 scans). Relax
imes were determined by Lorentzian fitting of the sodium l
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38 VACKIER, HILLS, AND RUTLEDGE
hape. In theory, this is only an apparent transverse relaxatio
ecause sodium has a spin number of3

2, so the signal should b
iexponential with a ratio of 60:40, if all the sodium is NM
isible, and the peaks would not be Lorentzian. In practice
ere unable to detect any nonexponential behavior and the
hape was well fitted with a single Lorentzian.

HE PROTON-EXCHANGE CROSS-RELAXATION MODEL

The proton exchange cross-relaxation model (8, 9) that has
een developed for water-rich biopolymer systems wil
riefly reviewed here to identify its limitations at lower wa
ontents. The model assumes four proton pools, each a
ted with their own intrinsic proton transverse and longitud
elaxation times. The first pool consists of bulk water wh
otion is essentially unperturbed by biopolymer interacti
he second pool consists of hydration water, whose correl

imes are lengthened by interaction with the biopolymer.
hangeable gelatin protons make up the third pool, while
onexchanging gelatin protons form the last pool. In the d
egime there is fast exchange of water between the firs
ools, i.e., between the bulk and hydration water, so on
MR measurement time scale they can be considered
ingle pool. The analysis of the various exchange process
he dilute regime then proceeds as follows. Dipolar c
elaxation mechanisms are inoperative with transverse m
ization, so proton exchange between the water and exch
ble biopolymer protons provides the principal transfer m
nism. Moreover, spin diffusion between the biopol
xchangeable and nonexchangeable proton pools is also
xistent for transverse magnetization, so the nonexcha
roton pool appears as an isolated signal in the proton FID8).
imilar considerations are expected to apply in the low-w
ontent regime, except that at very low water contents

FIG. 1. Normalized amplitude of the FID curves for gelatins observe
0 MHz and 20°C at different water contents (F: 4.93;2: 15.86;x: 20.1;{:
7.73%, wet basis). The extrapolated signal intensity for the slow rel
omponent,M0, is indicated as well as the total signal intensity at 11ms,
ID11.
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roton exchange rate is expected to become very slow o
MR relaxation time scale so all transfer between the w
nd biopolymer pools should cease at sufficiently low w
ontents. The observation of fast and slow relaxation com
ents in the FID (see Fig. 1) lends credence to this expect
The situation with the longitudinal magnetization is m

omplicated. In addition to proton exchange, secular dip
ross relaxation can also transfer longitudinal magnetiz
etween the water and biopolymer pools and permit
iffusion between the various exchangeable and nonexch
ble gelatin proton pools. The effects of these exchange
esses on longitudinal relaxation in the dilute regime has
escribed in previous work (8). The analysis of the low-wat
ontent regime, when proton exchange can be neglected
e the subject of the next section.

TRANSVERSE 1H AND 23Na RELAXATION
AT LOW WATER CONTENTS

Figure 1 shows the fast and slow decaying componen
he free induction decay (FID) of concentrated and dilu
elatin gels. Although it is not possible to assign these c
onents with certainty, we proceed on the hypothesis tha
low-relaxing component arises from hydration water, toge
ith mobilized low molecular weight oligopeptides and p
ibly the extremities of gelatin chains. The fast-decaying c
onent we assume arises from rigid gelatin protons. The
M0src/FID11) of the amplitude of the slow relaxing compone
0src, obtained by extrapolation to zero time, to the ini
mplitude after 11ms, FID11, is a useful measure of the amo
f the mobile component (or hydration water) and this rat

t

g

FIG. 2. Initial 1H NMR signal amplitude of the slow relaxing proto
ivided by the amplitude of the FID signal at 11ms (F: M0src/FID11) and
odium relaxation times (■: 23Na 1/R2) as a function of the water content.
udden change in slope is visible for both parameters in the 10–20%
ontent region.
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39NMR RELAXATION STUDY OF WATER IN GELATIN GELS
lotted as a function of water content in Fig. 2. This plot sh
clear discontinuity at water contents between 15 and

nd, if our hypothesis is correct, could correspond to rem
f multilayer water down to monolayer coverage. In ot
ords, multilayer hydration water only begins to be forme
ater contents exceeding ca. 15%. If so, dehydrating b
5% should remove progressively more strongly adso
ater from the monolayer and should result in apparen
reases in the transverse relaxation rate of the mobile co
ent and in its associated correlation times. The amplitude
f M0src/FID11 from 0.8 to 0.4 when decreasing water con
ould correspond to several phenomena such as water m
ation or solute mobilization. Figure 3 shows the depend
f the transverse relaxation rate,R2, for the slowly relaxing
omponent on water content, measured both from the FID
t higher water contents, with the CPMG sequence. Once
transition to higher values at water contents below 20

pparent. In Fig. 4 we have analyzed this relaxation rate
single correlation time model, according to the well-kno

quation

R2 5 2hC/3$J~0, tc! 1 ~5/3!J~v0, tc!

1 ~2/3!J~2v0, tc!} 1 ~1 2 h! R2w,
[1]

here

J~v, tc! 5 tc/~1 1 v 2t c
2). [2]

0 is the proton Larmor frequency,h is the fraction of boun
ater molecules, and the dipolar coupling constant,C, is 2.5
010 s22 for water.R2w, the relaxation rate for pure, bulk wat

s close to 0.5 s21, so the term (12 h) R2w can be neglecte
ompared to the other terms. Figure 4 shows the depende
he correlation time,tc, calculated from Eq. [1] on wat

FIG. 3. Transverse relaxation rates (s21) of gelatin measured at 20 MHz
function of water content. (h) from the FID; (F) from the CPMG sequenc
s
%
al
r
t
w
d
-
o-

op
t
ili-
ce

d,
ain
is
th
n

of

ontent and shows an almost linear evolution as the w
ontent is decreased below 20%. The bound water fractioh,
as estimated from our previous study on gelatin, w
ointed out the analogy between the sorption isotherm an
ependence of the FID amplitude of the mobile water on w
ontent (see Fig. 5, taken from Ref.11)). Below the inflection
oint B in Fig. 5,h can be considered to be unity, but at wa
ontents aboveB, h is given as the ratio of DE/CE. It
nteresting to note that the inflection point B occurs at 18
ater, which corresponds to 0.23 g water per g dry gel

oughly the same as the amount of nonfreezing water in ge
16). This is consistent with the hypothesis that only b
ater, not adsorbed, multilayer water, can be frozen.
If our supposition that multilayer water only exists above

5% is correct, one would expect that solutes, such as so

FIG. 4. Apparent correlation timetcapp1calculated from theR2 equation a
function of water contents of the gelatins. The bound water fractionh was

aken as equal to 1 in the water content region 0–20% and estimated fro
for higher moisture contents.

FIG. 5. Evolution of gelatin water content as a function of the normal
ID amplitude in the slow relaxing zone, measured at 107ms.
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40 VACKIER, HILLS, AND RUTLEDGE
ons, would only be mobilized at water contents exceeding
ater content. To test this prediction, the dependence o
a23 linewidth on water content in the gelatin gels was
erved. The data is included in Fig. 2 and appears t
onsistent with our supposition in that, at or below 15%,
odiumT2 is too short to be measured reliably and above
here is a transition to much longer relaxation times. Ab
0% theT2 (51/R2) increases with increasing water cont
s the amount of bulk hydration water increases and the

ifetime of ions in the adsorbed water layer decreases.

LONGITUDINAL AND DIPOLAR CROSS RELAXATION

The dependence of the dipolar cross relaxation rate
ongitudinal magnetization,k, measured with the Goldma
hen sequence, on water content is plotted in Fig. 6 and s
n obvious maximum at a water content of ca. 15%.
aximum can be understood if it is noted that the obse

ate,k, is the productPusu, wheres is the cross relaxation ra
etween a single proton pair, one proton belonging to hy

ion water and the other to a rigid protein chain;P is the
umber of hydrating water protons, proportional to the w
ontent. Below 15%, the gelatin chains are in the rigid la
egime ands assumes a constant maximum value limited
pin diffusion within the protein lattice (17). Between 0 and c
5%,k is therefore given aspsmax and increases linearly wi
ater content, reaching a maximum value at ca. 15%. A
5% the pairwise cross relaxation rate begins to dec
ecause of the rapidly decreasing correlation time of the w
see Fig. 3). This decrease with decreasingtc follows from the
orm of the spectral density functions fors (8), namely,

usu 5 ~C2/10!uJ~0, tc! 2 J~2v0, tc!u. [3]

very similar explanation accounts for the dependence o

FIG. 6. Comparison of the longitudinal relaxation rates,R1 (h), with the
ross-relaxation rates,kcr (F), at 20 MHz for gelatin as a function of wat
ontent.
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ongitudinal relaxation rate on water content, which is inclu
n Fig. 6. In the rigid lattice regime the intrinsicT1 of the
elatin protons is expected to be quite long, possibly se
econds. In contrast, the more mobile hydration water ads
n the gelatin surface is expected to have a shorter intrinsT1.
he longitudinal magnetization is therefore expected to r
y transfer to the hydration water, which acts as a relaxa
ink for the gelatin longitudinal magnetization. The obse
ion that theT1 data parallels thek data in Fig. 6 suggests th
he rate-limiting step in this relaxation process is the transf
agnetization from the gelatin to water protons with a ratek so

hat R1 5 ak, wherea is a proportionality constant. If th
elaxation time of the water protons is shorter than that o
elatin protons, one would, in general, expect to observe
onential longitudinal relaxation. This is not, in fact, observ
resumably because of the low relative number of water

ons.
Additional support for this interpretation is to be found fr

n analysis of the water correlation time calculated using
ongitudinal relaxation rate. If, somewhat naively, we wer
eglect cross relaxation and assign the observedR1 to water,

hen, analogously to Eq. [1], the single correlation time m
redicts

R1 5 2hC/3@ J~v0, tc! 1 2J~2v0, tc!#

1 ~1 2 h! R1w. [4]

n apparent correlation time can now be calculated from
1] and [4] by fitting the ratioR1/R2 and neglecting the term
n (1 2 h). The result is plotted in Fig. 7 and shows a la
iscrepancy with the correlation time calculated using only

ransverse relaxation rate, which does not involve dipolar c
elaxation (see Fig. 3). This strongly suggests that cross r
tion cannot be neglected and supports the original assum

FIG. 7. Comparison betweeen the correlation time (tc app1) calculated from

2 Eq. [1] and the correlation time (tc app2), obtained using bothR1 andR2 as
function of the water content.



t l to
t i
f e o
s
d at
t lt in
d ich
i

on
f
9 r;
P ons
a ate
c nt
w clu
s op
l ile
p ee
1 ine
f t th
r
n te
a th
r ati
M of
e
t ile
a . I
w on
N ab
g x-
i on
p th
m of
w oo

a %
w the
m yer
w ad-
s from
“ n
c ater,
w yer
w the
i nnot
r atin
p t
d ater
c thesis
t mobi-
l

the
d lax-
a t, we
b latin
c that
t in-

with
w
n

tent

(

41NMR RELAXATION STUDY OF WATER IN GELATIN GELS
hat the longitudinal relaxation rate is actually proportiona
he dipolar cross relaxation rate. Additional confirmation
ound in the dependence of the longitudinal relaxation rat
pectrometer frequency (Fig. 8). According to Eq. [3],usu,
ecreases with increasing spectrometer frequency, so th

he previous arguments are correct, this should also resu
ecrease inR1 with increasing spectrometer frequency, wh

s obviously the case in Fig. 8.
It is instructive to estimate the relative proton populati

rom the known amino acid population of gelatin (18). Figure
shows the dependence ofPw, the proton fraction of wate

m, the fraction of macromolecular nonexchanging prot
ndPg, the fraction of exchangeable gelatin protons, on w
ontent. Not surprisingly,Pw increases with water conte
hile Pm andPg decrease. However, some interesting con
ions can be drawn by comparing the calculated proton p
ations in Fig. 9 with the change in the fraction of mob
rotons obtained from Fig. 5. In the transition region betw
5 and 20% water, the calculated proton fractions, obta

rom Fig. 9, are compared in Table 1. At 20% water conten
atio M0src/FID11 is 0.8 and the sum (Pw 1 Pg) is 0.83. The
ear equality of these ratios shows that at 20% water con
ll of the exchangeable proton pool is mobile. However,
atios are quite different at 15% water content. The r
0src/FID11 has fallen sharply to 0.4 while the fraction
xchangeable protons (Pw 1 Pg) is still 0.75, which implies

hat only 53% of the exchangeable protons are still “mob
nd contribute to the slow-relaxing component of the FID
e assume that proton exchange has effectively ceased
MR time scale at 15% water content, then the exchange
elatin proton pool,Pg, will be associated with the fast-rela

ng gelatin proton pool,Pm. This leaves only the water prot
ool, Pw, which is 0.63 at 15% water content. Because
obile proton fraction is only 0.4, a fraction (0.63–0.4)
ater is associated with the fast-relaxing “rigid” proton p

FIG. 8. R1 at three different frequencies: 20 ({), 100 (h), and 300 MHz
Œ), as a function of water content.
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nd not with the slow-relaxing “mobile” proton pool at 15
ater content. This deduction is entirely consistent with
ultilayer water model because the removal of multila
ater will increase the lifetime of the water molecules
orbed at the protein binding sites, thus converting them
mobile” to “solid-like” protons. The rigidity of the protei
hains, and hence the correlation time of the adsorbed w
ill also increase as the plasticization effect of multila
ater is lost. However, the figures in Table 1 show that

ncrease in mobile proton fraction between 15 and 20% ca
esult solely from the mobilization of nonexchanging gel
rotons because their proton fraction,Pm, is too small and i
oes not change significantly between 15 and 20% w
ontents. In other words, these results contradict the hypo
hat the observed changes are caused entirely by matrix
ization.

DISCUSSION

The first and most obvious conclusion of our analysis is
istinct transition occurring in the relaxation and cross re
tion rates at water contents of ca. 15%. This water conten
elieve, corresponds to monolayer coverage of the ge
hains, a conclusion that is consistent with our observation
he sodium NMR relaxation times also show a dramatic

FIG. 9. Calculated dependence of the relative proton populations
ater content in gelatin gels.Pw, exchangeable protons from water;Pm,
onexchangeable gelatin protons;Pg, exchangeable gelatin protons.

TABLE 1
Population Proportions Estimated from Fig. 9,

for Gelatins at 15% and 20% Water

Population 15% water content 20% water con

Pg 0.12 0.09
Pm 0.25 0.17
Pw 0.63 0.74
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rease at water contents in excess of 15%, presumably be
f their solvation in the multilayer water. The observation

he changes in the longitudinal water relaxation rate
hanging water content parallel those of the cross relax
ates strongly suggests that the rate-limiting step is transf
ongitudinal magnetization between the hydration water
he biopolymer. Comparison of the proton population fract
ith the fraction of mobile and immobile protons shows

he fraction of slow-relaxing, mobile protons increases m
aster than the calculated fraction based on water content a
here could be various reasons for this. Adding water to
ystem increases the mobility of the solid matrix and there
engthens correlation times. However, there are insuffic
elatin protons to account for the observed increase in
obile fraction. Proton exchange will become significan
ultilayer water is introduced, and this will add the fraction
xchangeable gelatin protons to the mobile pool. But th
lso insufficient to account completely for the increase
obile fraction. Our analysis suggests that the main con
ting factor is the increased mobility of water associated

he formation of hydration multilayers, caused by the
xchange of water between bulk and adsorbed sites. It w
e especially interesting to extend the frequency range o
easurements with a field cycling spectrometer and com

he proton, deuteron, and oxygen-17 relaxation dispers
his approach has been especially fruitful in the dilute reg

19), but has yet to be extended into the low-water-con
egime of concern in this article.
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