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’H and "0 Nuclear Magnetic Resonance Study of Water in Gluten
in the Glassy and Rubbery State

GEORGE CHERIAN' and PAVINEE CHINACHOTI!

ABSTRACT

Water mobility in hydrated gluten at 0-50% mc was studied using "0
and 2H nuclear magnetic resonance (NMR). Glass transition behavior
measured by dynamic mechanical analyzer (DMA) and by differential
scanning calorimetry (DSC) was compared to the NMR signal intensity.
The 2H NMR signal intensity increased during glassy-rubbery transition
due to hydration. 'O NMR detected the signal when >0.21 g of water/g
total occurred in the “free” or bulk water region, as determined from the
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sorption isotherm. Freezable water was only observed at >18% mc, when
the sample was in the rubbery state (beyond the midpoint glass
transition) and water was unfreezable in the glassy region. Results from
the different techniques (NMR, DMA, DSC, and sorption isotherm)
showed good correlation, although experimental conditions, sample
preparations, and the time frame of each experiment were inherently
different.

Hydration of wheat protein (gluten) greatly influences the me-
chanical and rheological properties of a dough (Finney and
Shogren 1972, Mani et al 1992). The mobility of water is critical
for the interaction of gluten and water to form a viscoelastic net-
work. As a low molecular weight diluent, water acts as a plasti-
cizer and increases the mobility of the system (Ferry 1980). It
affects the functional properties by causing conformational
changes allowing for hydrophobic interaction (Kinsella and Hale
1984) and also acts as a solvent for the hydrophilic and water-
soluble components (low molecular weight gluten proteins) at low
ionic strength. Hydration with mixing causes the unraveling and
unfolding of the tightly packed aggregated gluten proteins and the
formation of a viscoelastic network that contributes to optimum
dough volume during baking (Hoseney and Rogers 1990).

Gluten proteins are the principal proteins occurring in wheat.
Based on their solubility, they are broadly divided into two cate-
gories: 1) gliadins (soluble in aqueous alcohol) and 2) glutenins
(soluble in dilute acid) (Bushuk 1985). Gliadins are relatively
short chain proteins (molecular weight ranging from 25,000 to
100,000 Da) and are responsible for the extensibility and cohesive
properties of gluten. Glutenins have a higher molecular weight
than gliadins (ranging from 100,000 to 1 million Da) and
contribute to the elasticity of gluten (Redman 1971).

The glassy-rubbery behavior of amorphous and partly crystal-
line foods has become an area of increasing interest (Noel et al
1990, Slade and Levine 1993). The glassy-rubbery behavior of
gluten has already been reported (Hoseney et al 1986, Kali-
chevsky et al 1992a). The glass transition (T;) of gluten fractions
(glutenin and gliadin) has also been studied using differential
scanning calorimetry (DSC) and mechanical spectrometry. Cocero
and Kokini (1991) and deGraff et al (1993) reported that gliadins
had a lower T, than did gluten and glutenin, which was attributed to
the lower molecular weight and the lower concentration of hydro-
philic amino acids. Kalichevsky et al (1992a,b) and Kalichevsky
and Blanshard (1992) reported the effect of lipids, emulsifiers, and
sugars on the glass transition behavior of gluten as a function of
moisture content. The effect of plasticizers on the mechanical and
water vapor permeability barrier properties of wheat gluten films
was studied by Gontard et al (1993) and Cherian et al (1995).

Water mobility has an important effect on the overall mobility
and structural properties of metastable food polymer systems
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(Ablett and Lillford 1991). Nuclear magnetic resonance (NMR)
techniques provide a powerful tool to study specific molecular
interactions of water with other components. NMR has been
widely used to examine water mobility by energizing chosen nuclei
of water ("H, ?H, and '70) in various systems (Hills et al 1990,
Belton et al 1991, Hills 1991). Details of the use of NMR to study
water in foods can be found elsewhere (Richardson and Steinberg
1987, Belton 1990, Chinachoti and Stengle 1990).

'H NMR has been commonly used to determine water mobility in
various food systems. However, a major drawback of using 'H NMR
is the effect of the cross-relaxation process resulting in line
broadening (Edzes and Samulski 1978, Shirley and Bryant 1982).
The NMR data of a quadropolar nucleus (e.g., 2H) is not affected by
cross-relaxation, but may show the effect of chemical exchange,
making the interpretation of the results difficult (Richardson and
Steinberg 1987, Kakalis and Baianu 1988). The problems encountered
with 'H and ?H NMR can be overcome using 7O NMR, as shown
in the studies with sucrose (Chinachoti and Stengle 1990),
lysozyme (Kakalis and Baianu 1988), and wheat flour (Richardson
et al 1985). Being quadrupolar, 7O nuclei does not exhibit any
cross-relaxation and its exchange rate is extremely slow. Proton
exchange broadening in 'O NMR can be easily eliminated by
proton decoupling (Richardson and Steinberg 1987).

'H and *H NMR were used to quantify the fractions of bound
and free water occurring in wheat flour dough (Leung et al 1979,
1983; d’Avignon et al 1990). Attempts to quantitate the interaction
of water with macromolecules using 'H, ?H, and "0 NMR have
been extensive (Kakalis and Baianu 1988, Otting et al 1991). Studies
using these nuclei to relate the molecular level changes of macro-
molecules on hydration are fraught with problems because of the
model system dependence and the proton-proton cross polarization
effect on NMR line broadening (d’ Avignon et al 1990, Belton 1991).

Richardson et al (1985) studied 7O NMR water mobility and
rheological characteristics of wheat flour suspensions and observed
no direct relationship between water mobility and rheological
properties. However, the wheat flour-water suspensions studied
were at high moisture content (60-90% wb), which was not within
the moisture range where glass transition occurs.

Belton et al (1988) applied Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence to study the proton transverse relaxation in dry
gluten. There have been some studies on conformation of gluten and
water structure using *C NMR (Baianu 1981, Belton et al 1985,
Ablett et al 1988). Water mobility in gluten using proton NMR was
recently reported by Kalichevsky et al (1992a).

Thermal techniques such as dynamic mechanical analysis
(DMA) and DSC have been widely used to study glass transition



behavior in various systems (Wunderlich 1990, Mathieson and
Ibar 1991, Foreman et al 1992). For DMA, a stress is applied to
the sample as a sinusoidal wave function with an increase in tem-
perature. Depending on the nature of the material (viscoelastic
character), the resulting strain frequency is either in phase with
the stress (if the material is ideally elastic) or out of phase (if the
material is viscoelastic). The extent to which the resulting strain is
out of phase with the applied stress is given by the phase angle d.
The loss tangent (tan 3) is the ratio of E” (loss modulus) to E
(storage modulus). Change in E’, E”, and tan & has been used to
characterize the transition behavior. In this study, the peak of the
tan & dependence was used as the midpoint temperature (Ty). For
the materials undergoing glass transition, changes observed in theo-
logical properties are often greater than corresponding changes in
thermal energy (Foreman et al 1992), and thus the DMA is usually
more sensitive than the DSC.

Unfortunately, little work has been done to try to relate the
molecular mobility (as influenced by water in this case) in gluten
in relation to such changes in thermomechanical properties. Such a
relationship would be critical to a more comprehensive under-
standing of gluten functionality. Therefore, the objective of this study
was to investigate thermomechanical properties of wheat gluten in
association with mobility as observed by NMR upon hydration.

MATERIALS AND METHODS

Materials

Wheat gluten from hard red spring wheat (Sigma Chemical Co.,
St. Louis, MO) with protein content of 80% db (N x 5.7) was
washed with distilled water (1:3, w/v) and freeze-dried (Virtis
Sublimator, model 50-SRC, Gardiner, NY). The sample was sub-
sequently stored in a desiccant chamber (with phosphorous
pentoxide) at room temperature. Deuterium oxide (99.9% pure)
and 0.1% ""O-enriched water obtained from Cambridge Isotope
Ltd. (CIL, Cambridge, MA) were used for the NMR study. Salts
used for the preparation of saturated solutions were all analytical
grade (Fisher Scientific Co., Fairlawn, NJ).

Methods
A broad outline of the experimental approach used in this study
is shown in Figure 1.

Differential Scanning Calorimetry

A Seiko DSC 100 (Seiko Instruments, Inc., Torrance, CA) was
used for studying the thermal transition behavior of gluten. Low
moisture samples (<20% mc), were prepared by equilibration with
saturated salt solution at various relative humidities (0-97% RH)
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Fig. 1. Experimental approach used in the study of wheat gluten.

(Greenspan 1977). For the high moisture samples (>20%), water
was directly sprayed to the sample (without mixing) and kept
25°C for 24 hr to equilibrate in a hermetically sealed container.
After equilibration, samples were weighed (=10-15 mg each) and
sealed in stainless steel hermetically sealed pans (Perkin-Elmer,
Norwalk, CT). DSC scans were performed from —-80°C to 200°C
at the rate of 5°C/min. The instrument was calibrated using mer-
cury and indium. A glass transition is normally observed in DSC
as a baseline shift due to a change in the heat capacity (Wunderlich
1990). The midpoint temperature of the baseline shift was used as
the midpoint apparent glass transition temperature for this study.
Samples were run in duplicate and the experimental error of
measurements was within 3%.

For ice melting measurement, pure deionized distilled water was
used as standard for the measurement of freezable water: % freezable
water = (ice melting enthalpy of sample/ice melting enthalpy of
pure water) X 100.

Dynamic Mechanical Analysis

The sample was prepared by mixing gluten and water (1:1.5,
w/v) in a Brabender Farinograph (Brabender Instruments, South
Hackensack, NJ) for 3 min. Sample (30 g) was pressed in a Carver
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Fig. 2. Typical thermograms for vital wheat gluten: A, differential scan-
ning calorimetry (DSC) at 13.5% mc; B, dynamic mechanical analyzer
(DMA) at 15% mc.
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press at 5,000 psi to form a sheet, then cut into rectangular strips
(50 % 15 x 2.5 mm), and subsequently freeze-dried. Uniform geometry
of the sample was critical to minimize variation in the results.
Samples equilibrated to various moisture contents (as described
for DSC) were then studied under the DMA (model 110, Seiko)
using a three-point bending mode. Clamps were left untightened
initially until the temperature reached —60°C. The sample was cooled
further to —80°C and then scanned from —80 to 200°C at the rate of
2°C/min and at 1, S, 10, 50, and 100 Hz frequencies. The strain
level was within a 10-um range. Experimental error of the tan &
peak T, was within 6%, and measurements were made in duplicate.

Nuclear Magnetic Resonance

Water mobility of the samples was studied using ?H and 70 NMR.
For H NMR, deuterated water (99.9% D,0) was used for sample
hydration. For 7O NMR measurements, 0.1% '"O-enriched water
was used. Samples were prepared as described above. NMR
measurements were made on an NMR spectrometer (XL-300,
Varian Instruments Inc., Palo Alto, CA) using 100 mg of sample.
Pure D,0 and 0.1% '"O-enriched water were used as references.
For 2H NMR, a 90° pulse width of 16.5 psec and a recycle time of
0.05 sec. were used. For 70 NMR, the pulse width was 17.5 psec,
recycling time was 0.02 sec, and 'H decoupling was used. For
both ?H and 'O NMR experiments, the dead time of the instrument
was 100 psec, and number of scans was <50,000, depending on
the moisture content of the sample. Experiments were performed
at a probe temperature of 25 + 0.2°C. All measurements were
done in duplicate and were within 5% experimental error.

References of increasing amounts gave increasing signal intensity;
the standard curves gave a good linear correlation (R? = 0.98) for both
nuclei used. These standard curves were then used to calculate the
relative amount of water detected by NMR as percent of detected
intensity (the signal observed in the sample divided by the signal
expected to be observed, assuming that all of the water in the
sample was bulk water). More detailed discussion of detected water
can be found elsewhere (Chinachoti and Stengle 1990). Line width
at half amplitude of the absorption spectrum was also determined.

Sorption Isotherm
Wheat gluten was equilibrated against saturated salt solution of
known %RH (0-97%) (Greenspan 1977) in a minidessicator or
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Fig. 3. Apparent glass transition midpoint temperature () changing with
moisture content for vital wheat gluten as measured by differential
scanning calorimetry (DSC) and dynamic mechanical analyzer (DMA).
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so-called proximity equilibration cell (Lang et al 1981) at 25°C.
After the first three days of equilibration, the samples were
weighed daily until no weight change was observed for at least
three consecutive readings. The equilibrated moisture content was
determined by the weight gain using the vacuum oven method
(AOAC 1984) at 60°C, 769 mm Hg, for 36 hr. All measurements
were done in duplicate, and the experimental error on equilibrium
moisture content was within 3% of the average moisture content.

RESULTS

Thermal Analysis Measurements

Typical thermograms obtained from DSC and DMA for wheat
gluten are shown in Figure 2a and b, respectively. The change in
the apparent glass transition midpoint temperature (T;) with moisture
content for vital wheat gluten is shown in Figure 3. The data in
Figure 3 compares the midpoint temperatures of the two methods
(DSC change in heat capacity and DMA tan 8 peak at 1 Hz). The
temperature range (onset to final) of these transitions are also shown
as the shaded regions in Figure 4. In Figure 3, the midpoint T,
drops from =150°C at 0% mc to =20°C at 17-20% mc. This may be
due to the plasticization effect of water (Cocero and Kokini 1991,
Kalichevsky and Blanshard 1992). In general, the measured T, agreed
with values reported earlier for gluten (Hoseney et al 1986, Kali-
chevsky et al 1992a). However, at >0.15 g of water/g total, there is a
slight deviation in values obtained from DSC and DMA (Fig. 3).
The higher midpoint T, of DMA in this moisture range was due to a
shift in transition temperature due to a partial moisture loss in the
DMA furnace as earlier reported by Kalichevsky et al (1992a).

There are some interesting points to be noted from this data.
First, the midpoint T, obtained by DMA (1 Hz) agreed quite well
with that obtained by DSC, which was a surprising coincidence
considering their differences in measured properties and the time
frames of events being measured. But such agreement is not new
and was noted earlier by other researchers (Ablett and Lillford,
unpublished data; de Graff et al 1993).

As seen in the shaded regions of Figure 4, the transition range
at a given moisture content was much broader for DMA (60—
100°C wide) than it was for DSC (=30°C wide). Because the heat
capacity change was over a narrower temperature range than the
changes in thermomechanical properties, DSC indicated a poorer
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Fig. 4. Onset, midpoint and final glass transition temperature range (Ty)
measured by differential scanning calorimetry (DSC) and dynamic
mechanical analyzer (DMA).



sensitivity when compared to DMA. Therefore, DSC should not
be used to precisely evaluate T, for biopolymers. This problem is
exacerbated at a lower moisture content. As was seen from the
DMA data, samples with low moisture content exhibited a broader
and weaker transition. Figure 4 indicates that even though the
midpoint temperature agreed between the two techniques, the
onset and final temperatures were far different. In this example, T,
values are confined to the particular method of analysis (and
sample preparation). Comparison of measured values should be done
with great caution, paying attention to detailed analytical pro-
cedure and data interpretation. In this case, discrepancies in the
onset temperature values could vary by as much as 70°C (Fig. 4).
There was a noticeable discontinuity in the onset, midpoint, and
final transition temperature curves at =10% mc.

For practical food applications, it is important to observe
changes in the gluten sample isothermally (25°C), as it is being
hydrated. Such observed change can then be related to data most
commonly used in food, such as water sorption isotherm and, in
this particular case, the NMR water mobility, both at 25°C. Data
from Figure 4 can be interpolated to obtain onset, midpoint, and
final moisture content of the transition at 25°C (dotted line). These
moisture contents were 10, 18, and 26%, respectively (Fig. 4).
This represents a drop in E’ from 7 x 10® Pa to 8 x 107 Pa as the
sample was hydrated from 10 to 26% mc. Therefore, it was concluded
that a room-temperature hydration of gluten resulted in a glassy-
rubbery transition as the material passed over a 10-26% moisture
range, with the midpoint of =18% mc (Fig. 4).

The DMA T, range showed some frequency dependence, shift-
ing to a higher temperature with increasing frequency. The energy
of activation (E,) of the transitions showed dependence on mois-
ture; measured values were <450 kJ/mol, decreasing with moisture
contents. However, the plot between E, and moisture (not shown)
was scattered with some indication of exponential relationship.

Since the range of moisture content studied here covers the
range where the classical states of bound and free water or
freezable-unfreezable water concepts apply, it would be interesting
to examine the changes in water sorption parameters (monolayer
from Guggenheim-Anderson-deBoer [GAB] model equation) (van
den Berg 1985) and the NMR data.

Sorption Isotherm
The sorption isotherm for vital wheat gluten measured at 25°C
is shown in Figure 5. A typical sigmoidal-shaped curve was observed
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Fig.5. Sorption isotherm for vital wheat gluten measured at 25°C. GAB =
Guggenheim-Anderson-deBoer model equation.

and the data was fitted using the GAB model (van den Berg 1985):
MIMy=Cyxkxal[(1-kxa)1-kxa+ Cyxkxa)

where M, is monolayer moisture content, C, is the GAB constant,
k is a constant, a is water activity, and M is equilibrated moisture
content.

The monolayer value was calculated to be 0.034 g of water/g of
solids (C, = 93.4 and k = 0.92; R* = 0.994). Upward concavity at
>0.80 water activity (Fig. 5) occurred in the range of 0.12-0.15 g
of water/g of solids (14-16% mc).

D,O0 NMR

’H NMR spectra obtained for all samples hydrated with D,O
showed a mostly symmetrical Lorentzian peak with signal-to-noise
ratio of 4. The line width at half height was plotted against moisture
(D,0) content (Fig. 6) and showed an exponential decrease with
moisture.

At a higher D,O content (>0.25 g/g total), the observed line
width was small (<200 Hz) and did not change significantly.
However, at a lower D,O content, the line width increased
dramatically with decreasing D,O content, particularly at <0.10 g
of D,0/g total. The line width increased from 1,000 Hz at 0.12 g
of D,0/g total to =6,000 Hz at 0.02 g of D,0O/g total. However,
not all deuterium nuclei were detected by the NMR spectrometer.
The detected signal, expressed in terms of the percent of detected
intensity, was close to 100% only at higher D,O content (>0.26 g
of D,0/g total). The percent of detected intensity dropped from
=90% at 0.26 g of D,0/g total to =0% at <0.10 g of D,0/g total.
However, even at <0.10 g of D,0/g total, some D,0 signal was
detected, although it showed a large degree of line broadening and
deviation from Lorenzian line shape. The molecular interpretation
of 2H NMR data is complicated by the fact that °H on D,0 can
rapidly exchange with exchangeable 'H on the protein surfaces.
Thus, if the exchange rate is rapid in the operating NMR time
frame, the ’H NMR signal represents a contribution of D,O relax-
ation as well as relaxation due to the ?H on the protein surfaces.

Comparative studies of H and '"O NMR relaxation of proteins
(Picullel and Halle 1986) have shown that this is a major compli-
cation of 2H NMR that does not exist in 7O NMR. It is expected
that as the moisture content is decreased, the protein experiences a
considerable decreases in side chain mobility (Shirley and Bryant
1982, Kennedy and Bryant 1990). In addition, the amount of
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exchangeable protons would decrease. As the exchangeable protons
cannot be accounted for in this experiment, the 2H NMR intensity
and line width data can only represent the exchangeable 2H in the
system. With limited information available in literature about the
molecular dynamics of gluten, quantitation of the water dynamics
from 2H NMR alone is not possible.

70 NMR

Previous work comparing ?H and 'O NMR response to water
dynamics in various proteins clearly showed that 70 NMR
relaxation is far simpler in interpretation due to the absence of the
contributions from nuclei exchange found in 2H NMR (Halle et al
1981, Picullel and Halle 1986, Belton 1990). The wheat gluten
samples were hydrated with '"O-enriched water and subjected to
70 NMR relaxation.

The 7O NMR line width decreased with increasing moisture
content (Fig. 7), indicating an increase in water mobility. The
spectra showed a good signal-to-noise ratio at >31% mc. How-
ever, this only applied to the high moisture range (0.2-0.5 g of
water/g total); at a lower moisture, the signal was too noisy and
broad. The amount of water detected by NMR in this range was
very small, as can be seen from the percent of detected intensity
(Fig. 7). The extrapolation of the linear regression line to 0%
detected intensity gave the x-axis value of 0.21 g of water/g total.
This indicated that ’O NMR could detect only the bulk or free
fraction of water at >0.21 g of water/g total. Because the NMR
spectrometer dead time could not be set at <100 psec, the popula-
tion with T, < 100 psec could not be observed under experimental
conditions (Chinachoti and Stengle 1990).

Freezable water was found only at >18% mc (Fig. 8), which co-
incides with the fact that O NMR was detected only at >21% mc.
This means that '’O NMR detected the freely freezable or bulk
water fraction. Because 'O NMR is limited to free or bulk water,
the 2H NMR method was the only alternative in further analyzing
the signals at lower moisture contents. From the ’H NMR data,
the change in percent of detected intensity with hydration could
represent regions with varying system mobility (Fig. 4). At higher
moisture content (>0.26 g of D,0/g total) the system mobility was
the highest. Thus =100% of the signals were detected and the line
width was narrow. However, at <0.1 g of D,0/g total, the slow
system mobility resulted in a low detected signal.
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Relationship Between H NMR Mobility and T,

DMA data (Fig. 9) for relative stiffness modulus at 1 Hz
showed that the gluten started to go through a glass-rubbery tran-
sition upon hydration to 10% mc. The process continued through a
midpoint transition at 18% mc and a final transition at 26% mc.
This matches almost perfectly with the 2H NMR detected intensity
onset, midpoint, and final moisture (Fig. 9). The intensity change
was fitted using an empirical model. Mathematical model fitting
of the signal intensity data (following Peleg 1994) could be
described as:

% Detected intensity = 100 x {1 - [1/(1 + exp (M - MJa))]}

where M is moisture content, M., is critical moisture content, and a
is the relative steepness of the concavity. The model fit, and the
data correlated well (R* = 0.974 with data points used).

The calculated relative stiffness value obtained from E’ data
was also similarly fitted by an empirical equation as:

R(M) = [1/(1 + exp (M — M Ja))]

where R(M) is the relative stiffness (E' at a given moisture/E' in a
glassy state).

The model also fitted the relative stiffness data very well (R? =
0.98 with datapoints used). When compared, M, and a from both
cases (*H NMR detected intensity and relative stiffness) were very
close (from the H NMR detected intensity: M, = 19.4% and a =
3.8; from the relative stiffness data (at 1 Hz): M, =19.5% and a =
4.1).

Therefore, the DMA and H NMR data matched almost per-
fectly in the onset, midpoint, and final moisture content (25°C) for
the glassy-rubbery transition. What is most interesting is that one
method is based on a long-range analysis (structural, DMA) and
the other is very short-range (molecular, NMR) This means that
’H NMR can detect changes in D,0 and protein side chain mobil-
ity during plasticization (upon hydration). The surprising agree-
ment between methods with such a different time frame seems to
suggest that perhaps 2H NMR data in the lower moisture (over the
glass transition range) was rather more dominated by deuterons on
the protein side chains (due to protons on the proteins exchanging
with deuterons on D,0), and thus the 2H NMR signal was more
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directly related to plasticization of the polymer side chains. This is
the first time that NMR data for gluten has been in agreement with
glassy-rubbery transition of gluten on the molecular level.

This means that the changes in glass-rubbery transition involve
changes in the protein side chain and backbone mobility, which
depend on the hydration and water mobility in neighboring
regions. D,0 has been studied in terms of its influence on dough
rheological properties as compared with HyO (Hoseney 1979,
Leung et al 1983). It was found that D,O gave a stronger dough
than H,O. This has been attributed to a stronger hydrogen bonding
in terms of the number of bonds and the bond energy difference
between O-H---O and O-D---O units (Leung et al 1983). It is quite
possible that these NMR observations may reflect the association
between water and gluten, which is expected to have a profound
impact on the mechanical property (E’) upon plasticization that
leads to a glassy-rubbery transition. Further experiments are being
undertaken using solid-state NMR to characterize water in solids.

This data also confirmed that the glassy-rubbery transition upon
hydration of gluten occurs over a broad moisture range (10-26%
mc) rather than a sudden transition occurring over a narrower
moisture range. It should be emphasized also that DSC, if used to
identify the transition, would give a much narrower range in
moisture over the glass transition (14, 17, and 19% for onset,
midpoint, and final moisture, respectively). This is due to the poor
sensitivity of the DSC technique and is not likely to have as much
practical rheological meaning as values obtained from DMA.

DISCUSSION

The 2H NMR relative intensity measurement agreed closely
with the glassy-rubbery transition measurement by DMA. The effect
of hydration was a lowering of the storage modulus during the
increase in polymer mobility. Studies on other biopolymer systems,
including cellulose, also suggested similar effects of hydration on
polymer backbone motion (Yano and Hatakeyama 1988).

An increase in the detected intensity with the glassy-rubbery
transition (Fig. 6) would suggest that the *H population relaxing
beyond the dead time (100 psec) increased when the material was
converted to the rubbery phase. However, the interpretation of *H
NMR intensity in complex systems is complicated by other factors,
including: 1) the polymer proton exchanging with 2H signal at
different rates with changing moisture content (varying glassy-
rubbery states), and 2) the D,O existing in various states having
varying relaxation times or varying mobility (Belton 1990, Hills
1991). Thus, the exchange rate and the D,O mobility increase with
increasing moisture content (Belton 1990, Hills 1991). The increase
in moisture content also corresponds to a greater protein mobility
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Fig. 9. Master curve for wheat gluten changes in freezable water, ’H
NMR-detected intensity, water activity (a,), and relative stiffness.

(glassy-rubbery transition), which would account for the increase
in relative population of ?H signals detected.

70 NMR intensity measurement showed an increase in the detec-
ted signal at >0.21 g of water/g total, indicating a highly mobile
water fraction in this moisture range. Comparing the amount of
freezable water (Fig. 8) with the "O NMR-detected free or bulk
water, it is reasonable to conclude that 7O NMR detects water that
is phase-separated and undergoes rapid exchange in the rubbery
region.

From the foregoing discussion, it can be suggested that part of
the increase in the relative 2H NMR signal (with glassy-rubbery
transition change) could be associated with the increase in the
D,O as well as the protein side chain mobility in the rubbery
region. The fact that the >H NMR signal intensity increased in
parallel with the glassy-rubbery transition observed by DMA seems
to suggest that 2H NMR signals are influenced by the protein side
chains going through a glassy-rubbery transition. Although it is
difficult or impossible to separate the various contributions of the
2H NMR relaxation, the overall relative 2H NMR signal intensity
was sensitive to the glassy-rubbery transition of the gluten as
observed by thermal methods. Thus, the shorter time frame (NMR)
relaxation observed was occurring simultaneously with the long-
range structural relaxation (DMA and DSC).

A master curve combining the changes *H NMR percent of
detected intensity, percent of freezable water, water activity, and
relative stiffness) occurring in the gluten at room temperature with
moisture is shown in Figure 9. This diagram clarifies the relation-
ship of various phenomena occurring in gluten on plasticization
by water even though the techniques probe different time scales.
The information obtained from this data is crucial in deciding the
moisture conditions for optimum functionality of the gluten.

CONCLUSION

The percent of detected intensity measured by H NMR showed
the changes in system mobility as the material was passing
through the glassy-rubbery transition region. The signal intensity
measured was strongly dependent on the physical state of the material.
Mobility of water was detected at >0.15 g of water/g solids using
70 NMR. The detected signal by 7O NMR corresponded to that
of the free water region on the sorption isotherm. Freezable water
occurred also in this high moisture range. Unfreezable water in the
lower range of moisture greatly influenced the system mobility in
the glassy-rubbery state. The study also demonstrated an agree-
ment in the results obtained from DSC, DMA, NMR, and sorption
isotherm, in terms of molecular and structural changes occurring
around a glassy-rubbery transition of gluten, even with a great
degree of variation in experimental techniques and time scales.

LITERATURE CITATIONS

ABLETT, S., and LILLFORD, P. 1991. Water in foods. Chem. Britain
27:1024-1026.

ABLETT, S., BARNES, D. J., DAVIES, A. P, INGMAN, S. J,, and
PATIENT, D. W. 1988. '3C and pulse nuclear magnetic resonance
spectroscopy of wheat proteins. J. Cereal Sci. 7(11):20.

AOAC. 1984. Official Methods of Analysis of the Association of Official
Analytical Chemists, 14th ed. The Association: Washington, DC.

BAIANU, 1. 1981. Carbon-13 and proton nuclear magnetic resonance
studies of wheat proteins. Spectral assignments for Flander gliadins in
solution. J. Sci. Food Agric. 32:309.

BELL, L. N, and LABUZA, T. 1994. Glassy State in Food. J. M. V Blan-
shard and P. J. Lillford, eds. Nottingham Univ. Press: Leicester, UK.
BELTON, P. S. 1990. Can nuclear magnetic resonance give useful in-
formation about the state of water in foodstuffs? Comments Agric.

Food Chem. 2:179.

BELTON, P. S., DUCE, S. L., and TATHAM, A. S. 1988. Proton nuclear
magnetic resonance relaxation studies of dry gluten. J. Cereal Sci. 7:113-122.

BELTON, P. S., SHEWRY, P. R, and TATHAM, A. S. 1985. 3C Solid

Vol. 73, No. 5, 1996 623



state nuclear magnetic resonance study of wheat gluten. J. Cereal Sci.
7:395.

BELTON, P. S, RING, S. G., BOTHAM, R. L., and HILLS, B. P. 1991.
Multinuclear NMR studies of water in solutions of simple carbohy-
drates. II. Oxygen-17 relaxation. Mol. Phys. 72:1123-1134,

BUSHUK, W. 1985. Flour proteins: Structure and functionality in dough
and bread. Cereal Foods World 30:447.

CHERIAN, G., GENNADIOS, A., WELLER, C., and CHINACHOTI, P.
1995. Thermomechanical behavior of wheat gluten films: Effect of su-
crose, glycerin, and sorbitol. Cereal Chem. 72:1.

CHINACHOTI, P., and STENGLE, T. S. 1990. Water mobility in starch/
sucrose systems: An oxygen-17 NMR study. J. Food Sci. 55:1732.

COCERO, A. M., and KOKINI, J. L. 1991. The study of the glass transi-
tion of glutenin using small amplitude oscillatory rheological meas-
urement and DSC. J. Rheol. 35:257.

d’AVIGNON, A. D., HUNG, C. C., and PAGEL, M. T. L. 1990. 'H and 2H
NMR studies of water in workfree wheat flour dough. In: NMR Appli-
cations in Biopolymers. J. W. Finley et al, eds. Plenum Press: New York.

de GRAAF, E. M, MADEKA, H., COCERO, A. M., and KOKINI, J. L.
1993. Determination of the effect of moisture on gliadin glass transi-
tion using mechanical spectrometry and differential scanning calo-
rimetry. Biotech. Prog. 9:210.

EDZES, H. T., and SAMULSKI, E. T. 1978. Measure of cross-relaxation
effects in the proton NMR spin-lattice relaxation of water in biological
systems, hydrated collagen and muscle. J. Mag. Reson. 31:207.

FERRY, J. D. 1980. Viscoelastic properties of Polymers. 3rd ed. John
Wiley and Sons: New York.

FINNEY, K. F., and SHOGREN, M. D. 1972. A ten gram mixograph for
determining and predicting functional properties of wheat flour.
Baker’s Dig. 46(2):32-35, 38-42, 77.

FOREMAN, J., SAUERBRUNN, S. R., and MARCOZZI, C. L. 1992.
Exploring the sensitivity of thermal analysis techniques to the glass
transition. Newsletter. Thermal Analysis Instruments: New Castle, DE.

GONTARD, N., GUILBERT, S., and CUQ, J.-L. 1993. Water and glyc-
erol as plasticizers affect mechanical and water vapor barrier proper-
ties of an edible wheat gluten film. J. Food Sci. 58:206.

GREENSPAN, L. 1977. Humidity fixed points of binary saturated aque-
ous solutions. J. Res. Nat. Bur. Stand. A. Phys. and Chem. 81A:89.

HALLE, B., and KARLSTROM, G. 1983. Prototropic charge migration
in water. I. J. Chem. Soc. Faraday Trans. 279:1031.

HALLE, B., ANDERSON, T., FORSEN, S., and LINDMAN, B. 1981.
Protein hydration from oxygen-17 magnetic relaxation. J. Am. Chem.
Soc. 103:500.

HILLS, B. P. 1991. Multinuclear NMR studies of water in solutions of
simple carbohydrates. 1. Proton and deuterium relaxation. Mol. Phys.
72:1099.

HILLS, B. P, TAKACS, S. F., and BELTON, P. S. 1990. A new inter-
pretation of proton NMR relaxation time measurement of water in food.
Food Chem. 37:95.

HOSENEY, R. C. 1979. Dough forming properties. J. Am. Oil Chem.
Soc. 56:784.

HOSENEY, R. C., and ROGERS, D. E. 1990. The formation and proper-
ties of wheat flour doughs. Crit. Rev. Food Sci. Nutr. 29:73.

HOSENEY, R. C., ZELEZNAK, K., and LAI C. S. 1986. Wheat gluten:
A glassy polymer. Cereal Chem. 63:285.

KAKALIS, L. T., and BAIANU, I. C. 1988. Oxygen-17 and deuterium
nuclear magnetic relaxation studies of lysozyme hydration in solutions:
Field dispersions, concentration, pH/pD and protein activity dependencies.
Arch. Biochem. Biophys. 267:829.

KALICHEVSKY, M. T., and BLANSHARD, J. M. V. 1992. A study of the

effect of water on the glass transition of 1:1 mixtures of amylopectin, casein,
and gluten using DMA and DMTA. Carbohydr. Polym. 19:271.

KALICHEVSKY, M. T., JAROSZKIEWICZ, E. M., and BLANSHARD,
J. M. V. 1992a. The glass transition of gluten. 1. Gluten and gluten-
sugar mixtures. Int. J. Biol. Macr. 14:257.

KALICHEVSKY, M. T., JAROSZKIEWICZ, E. M., and BLANSHARD,
J. M. V. 1992b. The glass transition of gluten. 2. The effect of lipids
and emulsifiers. Int. J. Biol. Macr. 14:267.

KENNEDY, S. D., and BRYANT, R. G. 1990. Hydration effects on dy-
namics of polyglycine and sodium poly (L-glutamate). Biopolymers
30: 691.

KINSELLA, J. E., and HALE, M. L. 1984. Hydrophobic associations and
gluten consistency: Effect of specific anions. J. Agric. Food Chem. 32:1054.

LANG, K. W., McCUNE, T. D., and STEINBERG, M. P. 1981. Proxim-
ity equilibration cell for rapid determination of sorption isotherm. J.
Food Sci. 46:936.

LEUNG, H. K., MAGNUSON, J. A., and BRUINSMA, B. L. 1979.
Pulsed nuclear magnetic resonance study of water mobility in flour
doughs. J. Food Sci. 44:1408.

LEUNG, H. K., MAGNUSON, J. A., and BRUINSMA, B. L. 1983,
Water binding of wheat flour dough and breads as studied by deuteron
relaxation. J. Food Sci. 48:95.

MANI, K., TAGARDH, C., ELIASSON, A. C., and LINDAHL, L. 1992.
Water content, water soluble fraction and mixing affect fundamental
theological properties of wheat flour dough. J. Food Sci. 57:1198.

MATTHIESON, F. M,, and IBAR, J. P. 1991. Thermal analysis spec-
trometer characterizes food properties. Food Technol. 45:106.

NOEL, T. R,, RING, S. J., and WHITTAM, M. A. 1990. Glass transition
in low moisture foods. Trends Food Sci. Technol. 1(3):62.

OTTING, G., LIEPINSH, E., and WUTHRICH, K. 1991. Protein hydra-
tion in aqueous solutions. Science 254:974.

PELEG, M. 1994. Mathematical characterization and graphical presenta-
tion of the stiffness-temperature-moisture relationship of gliadin.
Biotechnol. Prog. 10:652.

REDMAN, D. G. 1971. Wheat proteins. Chem. Ind. 18:1061-1068.

RICHARDSON, S. J. 1989. Contribution of proton exchange to the 70
nuclear magnetic resonance transverse relaxation rate in water and
starch water systems. Cereal Chem. 66:244.

RICHARDSON, S. J., and STEINBERG, M. P. 1987. Applications of
nuclear magnetic resonance. In: Water Activity: Theory and Applica-
tions to Food. L. B. Rockland and L. R. Beuchat, eds. Marcel Dekker:
New York.

RICHARDSON, 8. J., BAIANU, 1. C., and STEINBERG, M. P. 1985.
Relation between oxygen-17 NMR and rheological characteristics of
wheat flour suspensions. J. Food Sci. 50:1148.

SHIRLEY, W. M., and BRYANT, R. G. 1982. Proton-nuclear spin
relaxation and molecular dynamics in the lysozyme-water system. J.
Am. Chem. Soc. 104:2910.

SLADE, L., and LEVINE, H. 1993. The glassy state phenomenon in food
molecules. In: Glassy State in Food. J. M. V. Blanshard and P. J. Lill-
ford, eds. Nottingham Univ. Press: Leicester, U.K.

VAN DEN BERG, C. 1985. Development of B.E.T-like models for sorp-
tion of water on foods, theory and relevance. In: Properties of Water in
Foods. D. Simatos and J. L. Multon, eds. Martinus Nijhoff: Dordrecht,
Netherlands.

WUNDERLICH, B. 1990. Page 203 in: Thermal Analysis. Academic
Press: Boston.

YANO, S., and HATAKEYAMA, H. 1988. Dynamic viscoelasticity and
structural changes of regenerated cellulose during water sorption.
Polymer 29:566.

[Received August 11, 1995. Accepted July 4, 1996.]

624 CEREAL CHEMISTRY



