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Abstract

The water plasticized wheat gluten (WG) materials were prepared by thermal processing and studied by dynamic mechanical analysis and solid-
state NMR spectroscopy. The results indicate that the materials displayed a broad distribution of molecular motions and could be divided into dif-
ferent phases in terms of their mobility above the Tg. The rigid phase mainly consisted of proteins and starch with enhanced interactions between the
two components via hydrogen bonding with water molecules. Lipid and water formed the mobile phase, however, lipid molecules were always more
mobile than water. The intermediate phase consisted of plasticized starch and proteins (mainly proline and glutamine segments). The whole plas-
ticized WG materials were heterogeneous at a scale of 20e30 nm, but the miscibility between proteins and starch was enhanced via increasing
hydrogen bonding interactions with water molecules. Such strong hydrogen bonding acted as adhesion among these multi-components/phases
over a wide range of temperature thus resulting in good mechanical properties of the materials. The results demonstrated that solid-state NMR
techniques can provide valuable information of quantitative composition of phase structures with different mobility in a multi-component system
and the chemical nature of each phase along with the interactions among these components/phases.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Wheat gluten (WG) is one of the most important plant pro-
teins with good viscoelastic properties, strong tensile strength
and excellent gas barrier properties [1e3]. It has great potential
to be used as a renewable and biodegradable natural polymer re-
source to apply in packaging, coating and binding applications
[4e8]. Due to the strong self-association among wheat protein
chains through intra-/intermolecular interactions and some
extent of crosslinking via disulfide bonds among the polymer
chains, thermal processing of wheat gluten is difficult. In
addition, the properties of wheat proteins would be signifi-
cantly modified on heating before melting, and the thermal
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decomposition plus crosslinking could all occur at higher tem-
peratures [9e13]. Consequently a large amount of plasticizer
is always required in thermal processing to reduce the strong
intra-/intermolecular interactions among wheat protein mole-
cules, increase the mobility of the protein chains, and therefore,
improve the flexibility and the extensibility of the material [14e
20]. Various chemicals such as water, glycerol, polyols, fatty
acids and amines have been applied as plasticizing agents and
their plasticizing effect on wheat gluten has been studied exten-
sively [14,17e20].

Solid-state NMR has been demonstrated as a powerful
technique to investigate plant protein systems, to explore the
intermolecular interaction between protein molecules and plas-
ticizers and to provide information on the molecular motion be-
haviour of each individual component in the multi-component
system and phase structures of the whole plasticized protein-
based materials [21e29]. In a recent paper [29], we have studied
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several plasticized wheat protein systems using both water and
glycerol as the plasticizer at scales from molecular level to
tens of nanometers. Strong intermolecular hydrogen bonding in-
teractions between the components in wheat proteins and the
plasticizers resulted in a significant change in molecular mo-
tions, and the plasticizing effect was different in different wheat
protein systems. Residual starch and lipid components also
played different roles in the systems. Further detailed informa-
tion was needed to quantitatively identify the phase composition
of the systems and the chemical nature of these phases in terms
of mobility.

A system of WG plasticized with water was studied in this pa-
per. Water is the most ubiquitous plasticizer for wheat proteins
because of its strong ability to modify the mobility of the protein
molecules. Natural WG contains around 8e13% of moisture
which is difficult to remove completely from the system.
Thus, water always exists in the plasticized system at some level
regardless of other plasticizer being present. Hydration of wheat
proteins (including glutenins and gliadins) has been investigated
comprehensively where solid-state NMR techniques were used
to explore the hydration effect on different protein components
and sub-units in order to provide chemical structure and dy-
namic information of the systems [26,27,30e32]. However,
a relatively high amount of water/plasticizers was used in these
hydration studies (usually over 30%) for food processing and so-
lution casting. For development of wheat proteins-based biode-
gradable polymer materials via thermal processing, it is
desirable to use a relatively lower level of plasticizers (10e
30%). Most of those studies were focused on the mechanical
and permeability performance of the materials without giving
an insight into the plasticizing effect on intermolecular interac-
tions and molecular motions of the materials and the plasticizing
effect on different components in WG (e.g. proteins, starch and
lipid) has not been understood in detail. In this paper, broad-line
and high-resolution solid-state NMR techniques were applied to
the water plasticized WG materials in order to obtain quantita-
tive information of phase compositions in the thermally pro-
cessed plasticized wheat gluten materials and chemical nature
of these phases with different mobility.

2. Materials and methods

2.1. Materials

Wheat gluten (WG) vital, supplied by Manildra Group Aus-
tralia, contained about 80% proteins, 15% residual starch, 4%
lipid and less than 1% fibre and other impurities on dry basis.
Sheet samples of the WG system were prepared using varied
amount of water as plasticizer at pH¼ 4 as adjusted by acetic
acid. A small amount (0.3% to WG) of Na2SO3 was added into
the system in order to dissociate the disulfide bonding within
the protein chains and to achieve efficient mixing among pro-
teins and plasticizers [33,34]. Each sample with a designed
amount of plasticizer was mixed with a high-speed mixer op-
erated at a speed of 3000 rpm for 2 min, left overnight and
then compression moulded at an optimum temperature of
130 �C for 5 min using a heating press with a pressure of
12 ton. The sample size was of 145 mm� 145 mm with
a thickness of 1.0 mm� 0.1 mm and stored in sealed plastic
bags. As moisture loss could occur during thermal compres-
sion and testing at room temperature, all the experimental tests
were conducted within 2e3 days after compression moulding
and the moisture content in each sample was measured after
drying the sample at 105 �C for 24 h and is listed in Table 1.

2.2. Instrumentation

DMA experiments were operated on a PerkinElmer PYRIS�
Diamond DMA in dual cantilevers bending mode at a frequency
of 1 Hz. The temperature range was set at �100 �C to 150 �C
and the heating rate was 2 �C/min. The storage modulus (E0),
the loss modulus (E00) and tan d (E00/E0) were recorded as a func-
tion of temperature throughout the experiment.

Mechanical properties (tensile strength, elongation at break
and Young’s modulus) of the sheet samples were determined
on an INSTRON 5566P with a crosshead speed of 50 mm/
min. The data for each sample were obtained from an average
of testing seven dog-bone specimens with an effective length
of 30 mm and width of 6 mm.

Broad-line pulse solid-state 1H NMR was carried out on
a Bruker Minispec PC 120 spectrometer at 20 MHz. The 90�

pulse was 4.5 ms with repetition of 2 s. The FID (free induction
decay) signal of each sample was obtained by a solid-echo
pulse sequence and a CarrePurceleMeiboomeGill (CPMG:
90�x�(t1� 180�y� t1-echo)n) pulse sequence at 40 �C. The
90�e180� pulse spacing (t1) in the CPMG sequence was
50 ms, n was varied and totally 8 scans were used for each mea-
surement. The whole FID of each sample was a combination of
the data observed from solid-echo (time range of 0e200 ms) and
from CPMG (time range of 400e2400 ms) pulse sequences, and
then the FID was best fitted by multi-decay functions using
IGOR program from WaveMetrics Inc.

High-resolution solid-state NMR experiments were con-
ducted at room temperature using a Varian Unity plus spectrom-
eter at resonance frequencies of 75 MHz for 13C and 300 MHz
for 1H. 13C NMR spectra were observed under either cross-
polarization, magic angle spinning and high power dipolar
decoupling (CP/MAS/DD) technique, or using a single 90�

pulse excitation (SPE) method with high power decoupling.
The 90� pulse was 4.5 ms for H-1 and C-13 while the spinning
rate of MAS was set at a value in the range of 6e7 kHz. A con-
tact time of 1.0 ms was used for measuring CP/MAS spectra
while the repetition time was 2 s. The chemical shift of 13C
CP/MAS spectra was determined by taking the carbonyl carbon

Table 1

Mechanical properties of the WG materials

Samples Water content

(wt%)

Tensile

strength (MPa)

Elongation at

break (%)

Young’s

modulus (MPa)

W1 13.8 13.6 19.2 219.3

W2 15.7 7.5 57.4 143.0

W3 18.8 4.9 79.2 104.8

W4 21.2 3.0 91.4 67.5

W5 24.2 2.3 84.3 77.8
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of solid glycine (176.03 ppm) as an external reference standard.
1H spinespin (T2) and spin-lattice (T1) relaxation times were in-
directly measured through 13C resonances using the pulse se-
quences reported previously [35,36]. 1H MAS NMR spectra
were obtained with the same MAS rates and TMS was used as
an external chemical shift reference. 1H spinespin (T2) and
spin-lattice (T1) relaxation times were also measured directly
through 1H MAS spectra using the CPMG (t1 of 40 ms) and
the inversion recovery (180� � t� 90�) pulse sequences, re-
spectively, with a repetition time of 2 s and a 90� pulse length
of 2.5 ms.

3. Results and discussion

Plasticized wheat gluten materials usually present typical
polymer properties and their performance strongly depends on
the nature and the amount of plasticizer in the system. DMA
was conducted for the plasticized WG system under the same
conditions as reported previously [29] and the results are shown
in Fig. 1. Note that the plasticized WG samples (W1eW5) dis-
played higher E0 than that of WG at low temperature range. As
the temperature increased, the onset of E0 decreased and the tan d

peak associated with the glass transition (Tg) all shifted to lower
temperatures when the amount of water increased. The tan d

peaks corresponding to Tg transitions of the plasticized samples
were all very broad, and the maximum values of tan d remained
around 0.3 in all cases and lower than those observed in the WG
system plasticized by both water and glycerol (around 0.5) [29],

1.0E+06

1.0E+07

1.0E+08

1.0E+09

1.0E+10

-120 -80 -40 0 40 80 120 160

E'
 (p

a)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ta
n

Fig. 1. The storage modulus (E0) and tan d of the WG samples from DMA.
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indicating a decrease in mobility of the WG system without
glycerol. Minor onsets of E0 decrease in conjunction with
weak tan d peaks at a temperature range around �40 to
�70 �C were also observed corresponding to the b-transition
of the plasticized WG materials. The b-transition became dis-
tinct as the amount of water increased which could be attributed
to the glassy transition of bound water that was strongly hydro-
gen bonded with polymer chains in the system.

The Tg of the plasticized WGewater system strongly de-
pends on the water content in the system, but it is normally dif-
ficult to detect due to the loss of moisture during the DSC or
DMA measurement at high temperatures. In this paper, the Tg

of the plasticized WG system is reported as the onset of the
storage modulus E0 decrease corresponding to Tg transition in
DMA measurement. The Tg data of WGewater system are
shown in Fig. 2, in conjunction with those with both glycerol
and water as plasticizer taken from Ref. [29]. In the WGewater
system the Tg decreased much faster than that in WGewatere
glycerol materials with increasing amount of plasticizer, sug-
gesting the plasticizing effect of water was more efficient than
that of glycerol.

The mechanical properties of the WG materials are summa-
rized in Table 1. When the amount of water content increased,
tensile strength and Young’s modulus of the samples decreased
while the elongation of the materials significantly increased.
As compared to the systems with both water and glycerol as
plasticizer [29], the WGewater system exhibited weaker ten-
sile strength and shorter elongation when a similar amount of
plasticizer was used. This is consistent with the DMA results
indicating water has a more efficient plasticizing effect as
compared to glycerol. It also implies that the glycerol might
have different interactions with gluten components under com-
pression moulding conditions (130 �C/5 min) [37,38] that
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stabilized the systems and contributed to the strengtheelonga-
tion of the materials.

The main components in WG include a series of different
proteins, starch and lipid. These components could interact
differently with water molecules and show different plasticiz-
ing effects on molecular motions and finally display different
phase structures. An understanding of the mobility behaviour
of each component in such a complex system is fundamental
for predicting the performance of a plasticized system to de-
velop polymer materials with the desired properties. From
this aspect, solid-state NMR provides a very powerful tool
to obtain valuable information on phase structures, molecular
motions of each component in a multi-component system and
the interactions among these components by examining high-
resolution NMR spectra in conjunction with various NMR re-
laxation parameters. These experiments can be conducted at
room temperature ensuring that the samples retain the phase
structures formed after thermal processing with a designed
formulation.

Various molecular motions in a polymer due to different
chemical structures, intra- and intermolecular interactions
and varied phase morphologies would be reflected in NMR
spectra and relaxation parameters [39]. 1H spinespin relaxa-
tion time (T2) usually ranges from 10 ms for rigid polymers
and to above several milliseconds for rubbery or viscoelastic
polymers. Analysis of FID signals of a multi-component poly-
mer system provides information of both mobility (the T2

value) and proportion (the intensity of the T2 component) of
each component with different motional states and phase
structures. Because the Tg of the WGewater system (W1e
W5) varied from �25 to 20 �C and various phase structures
with different mobility could co-exist in the system, the FID
signals were obtained by a combination of the signals de-
tected via both solid-echo (time scale of 0e200 ms) and
CPMG (time scale of 400e2400 ms). The whole FID of W3
is shown in Fig. 3 as a typical example. Although, in general,
there could be an infinite number of components in the sys-
tem, three components were indeed clearly obtained by best
fitting in all cases including a Gaussian decay with a short
T2 (T2S) and two exponential decays with longer T2 (T2M

and T2L). This is somewhat different from those reported pre-
viously for hydrated wheat gluten [22,26]. In some previous
reports, a T2*, the time that FID decays to 1/e of its initial in-
tensity, was used to characterize the hydration [24,30], but it
mainly reflects the behaviour of components with a relatively
short T2 values. On the other hand, most of the previous FID
data were obtained either by a single 90� pulse [22,24,26],
where the dead time of a pulse could be a problem to detect
the rigid components with T2 around 10 ms while very mobile
components could be missed, or by a solid-echo (or called
quadrupolar echo) [27] which overcame the problem of
dead time but could still experience difficulties for measuring
very mobile components. The method to combine signals ob-
served from both solid-echo and CPMG to obtain an FID used
in this work should be a suitable way to detect all polymer
components in a complex system with a wide range of 1H
T2 values.
The 1H T2 data obtained from best fitting of FIDs for the
plasticized WG system are summarized in Table 2. When no
additional plasticizer was used, a short T2S component
(77.6%) was obtained for WG at around 9.5 ms corresponding
to a rigid phase. There was only a very small amount (1%) of
T2L component (880 ms) in the system indicating that water
as a plasticizer strongly interacted with WG molecules and ap-
peared predominantly as bound water rather than as free water.
An intermediate component was also observed with T2M of
130 ms (21.3%). Note that the Tg of the WG sample was
65 �C (Fig. 2), but mobile components T2M and T2L were al-
ready present in the system at 40 �C. When the water content
increased, the three T2 components behaved differently. The
T2S proportion decreased as the amount of water increased,
but the T2S value only increased slightly. The T2M values
remained in the range of 150e160 ms for W1eW5 samples
suggesting a constant mobility in the phase, but its proportion
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Fig. 3. The FID of W3 observed via a combination of signals observed by
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sequences.

Table 2
1H T2 values (ms) of the WG system observed from FIDs

Samples T2S A2S (1H%) T2M A2M (1H%) T2L A2L (1H%)

WG 9.5 77.6 130 21.3 880 1.1

W1 10.7 50.5 161 43.5 1830 6.0

W2 10.7 46.6 150 37.8 1450 15.6

W3 12.1 39.8 151 43.7 1880 16.5

W4 12.9 30.2 158 54.6 2720 14.5

W5 12.3 23.4 147 61.0 3400 15.5
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increased significantly as the water content increased. For T2L,
the proportion increased initially when the water content in-
creased and then it remained constant around 15e16% but its
T2L value further increased significantly with increasing water
content. Note that the Tg data of W1eW5 samples were all be-
low room temperature (Fig. 2) while those of W3eW5 were
even below 0 �C, however, rigid, intermediate and mobile com-
ponents all co-existed in the system at 40 �C, indicating some
components of WG still remained un-plasticized. The Tg of
such a system was a temperature at which some proportion of
polymer chains started to undergo glass transition. Based on
the 1H T2 results, the phase composition of the WGewater sys-
tem at 40 �C was constructed and shown in Fig. 4. It is interest-
ing to note that when the amount of water increased to a certain
level (e.g. 15 wt%), further increasing the amount of water de-
creased the proportion of the rigid phase, increased the amount
of plasticized phase (T2M) and enhanced the mobility of the T2L

phase, but the proportion of the T2L remained constant. This
suggested that the increased amount of water was mainly con-
sumed in forming hydrogen bonding with protein and starch
chains and mobilizing the rigid phase rather than remaining
as free water in the system. This wide distribution of mobility
in different phases contributed to a broad tan d peak corre-
sponding to the Tg transition as shown in Fig. 2. The presence
of T2L and increase of T2M with increasing the water content did
cause a decrease in tensile strength and modulus of the mate-
rials (Table 1), but the existence of the considerable amount
of rigid phase resulted in the elongation remaining around
80e90% without further increasing with increasing water
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Fig. 4. The phase composition in mobility of WGewater system.
content. For such a multi-component/phase system, the phase
structure/composition is more important for understanding
the physical properties.

The CP/MAS/DD technique was applied to measure high-
resolution solid-state 13C NMR spectra of the WGewater sys-
tem. The method is sensitive to the rigid materials when strong
dipolar interactions in the system would efficiently enhance
the polarization transfer from protons to nearby carbons thus
enhancing the intensities of the carbon resonances. The CP/
MAS 13C NMR spectra of WG, W3 and W5 are shown in
Fig. 5A. The major protein resonances at 173, 54, and 30e
15 ppm are attributed to the carbonyl, C-a, C-b and C-g car-
bons of proteins, respectively, while minor resonances in the
spectrum at 157, 138, 129 and 116 ppm are due to Arg, Tyr
and Phe [21,26,40]. The resonances of residual starch
(w15%) were obtained at 103, 83 and 74 ppm (C-1, C-4
and C-2,3,5 of starch) while the C-6 peak at 62 ppm was over-
lapping with the resonances of the proteins. When varied
amounts of water were applied to the system, no observable
change was detected in chemical shift but the linewidth
slightly increased when the amount of water increased in the
system (W3 and W5).

In order to obtain signals of mobile components in the sys-
tems, the SPE method was used to observe 13C NMR spectra
with a repetition time as short as 2 s. The spectra of the same
samples (WG, W3 and W5) are shown in Fig. 5B. These mo-
bile components are mainly due to lipid (at 179, 130, 30e23
and 15 ppm) and a minor amount of mobile proteins (174,
61e45, 30e15 ppm) and starch (74 ppm). Plasticized samples
W3 and W5 showed similar characteristics to that of WG, but
the intensity of mobile proteins and starch slightly increased.
The results shown in Fig. 5A and B indicated that the proteins
and starch are the main components in the rigid phase while
lipid is one of the main components in the mobile phase in
conjunction with a small amount of plasticized mobile pro-
teins and starch.

A model of ‘‘loop and train’’ was developed to describe the
interaction behaviour in hydration of wheat proteins [1]. Glu-
tamine played a key role in the dissociation of the hydrogen
bonding between proteineprotein interactions when increas-
ing water content and in the formation of new hydrogen bond-
ing between water and proteins in the hydration process [41].
It was relatively easier to form more mobile sections in both
glutamine and glycine components [31]. More recent studies
also suggested the involvement of proline in the hydration pro-
cess [30]. The intensities at 61 and 52 ppm in SPE spectra
(Fig. 5B) indicated the presence of proline (61 ppm) and glu-
tamine (52 ppm) in the mobile phase and the intensity of glu-
tamine became more pronounced when water content was
higher (ca. W3 and W5).

High-resolution solid-state NMR technique also provides
the possibility to conduct relaxation time measurements for
each component in multi-component systems. As seen from
the 13C CP/MAS NMR spectra (Fig. 5A), the protein reso-
nances at 173 ppm and 23e30 ppm and those of residual
starch at 103 and 74 ppm are not overlapping with each other,
therefore, the NMR relaxation parameters observed from these



5893X. Zhang et al. / Polymer 47 (2006) 5888e5896
WG

A B

220  180  140  100  60 20   ppm 220  180  140  100  60 20   ppm 

ssb

ssb

ssb
*

*

*
W5

W3

Fig. 5. 13C CP/MAS (A) and SPE (B) NMR spectra of WG, W3 and W5 (ssb: spinning-side bands, * background signal of the spinner).
resonances should reflect the behaviour of wheat protein and
starch components in the systems. The 13C CP/MAS NMR
spectra of W1 and W5 observed with varied CP delay times
(t) are shown in Fig. 6. After the 90� pulse in the proton chan-
nel, the proton resonances decreased their intensities following
1H T2 decay [36,42,43]. Because the intensities of 13C reso-
nances were enhanced by the proton magnetization through
energy exchange during CP time, the intensities of each 13C
resonance of W1 or W5 observed vs. CP delay time reflected
the 1H T2 decay of the rigid phases that were capable of trans-
ferring their magnetization to the 13C resonance. Mainly the
chemically bonded protons or those located close enough to
the carbon in the structure can exchange energy with the 13C
resonance. Note in Fig. 6 that some resonances of proteins
(174 and 54 ppm) and starch (74 ppm) were still present at
t¼ 50 and 70 ms for W5, indicating the presence of relatively
mobile proteins and starch components. The resonances at
25e30 ppm were attributed to both proteins and lipid. The
1H T2 data of the WGewater systems obtained via 13C CP/
MAS spectra with t varied at a range of 2e90 ms are summa-
rized in Table 3. Only the data of WG sample showed one
Gaussian component for all resonances while 1H T2 data ob-
served from each 13C resonance of W1eW5 showed a combi-
nation of one Gaussianþ one exponential decay. The T2
220 180   140 100  60 20 ppm 220 180   140 100  60 20 ppm
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Fig. 6. 13C CP/MAS NMR spectra of W1 and W5 measured with varied CP delay times (t) where the intensity decay follows 1H T2 decay.
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values of the Gaussian components observed via different res-
onances in each sample were also relatively identical. Their T2

values increased slightly from 12e13 ms to 16e17 ms when
water content increased corresponding to the T2S component
in Table 2. Meanwhile, the T2 values of the exponential com-
ponents observed via different resonances of each sample in-
creased initially as the water content increased and then
remained at a level of 100 ms (W3, W4 and W5) while the

Table 3
1H T2 values (ms) of the WG system observed via 13C CP/MAS spectra

Samples 174 ppm 74 ppm 54 ppm 30e25 ppm

WG 13.6 13.5 13.6 14.9

W1 11.9 (95%) 13.3 (92%) 12.8 (95%) 13.1 (94%)

52 (5%) 50 (8%) 48 (5%) 57 (6%)

W2 12.0 (93%) 14.4 (89%) 13.0 (94%) 12.7 (91%)

54 (7%) 56 (11%) 58 (6%) 71 (9%)

W3 12.1 (91%) 15.9 (89%) 13.9 (91%) 17.0 (90%)

97 (9%) 95 (11%) 91 (9%) 96 (10%)

W4 16.5 (89%) 15.9 (88%) 14.7 (91%) 14.7 (79%)

95 (11%) 103 (12%) 97 (9%) 106 (21%)

W5 16.7 (85%) 15.6 (85%) 15.4 (84%) 16.2 (69%)

103 (15%) 109 (15%) 97 (16%) 98 (31%)
proportion continued to rise as water content increased. This
phenomenon was similar to that of T2M shown in Table 2, fur-
ther confirming the presence of mobile protein and starch
components in the intermediate phase. The difference in 1H
T2 obtained from the CP/MAS and broad-line NMR methods
is due to the different mechanism of the two techniques. The
CP/MAS method is sensitive to the rigid polymer components
thus only T2S and T2M components could be detected. The
MAS could also average out some of the weak dipolar interac-
tions. In addition, the CP/MAS NMR spectra were measured
at room temperature (22 �C), while the broad-line FID signals
were detected at 40 �C at which a longer T2 value could be ob-
tained for the mobile components.

The existence of mobile components in the system has made
it possible to observe high-resolution solid-state 1H NMR spec-
tra by the MAS technique. Fig. 7 shows the 1H spectra of W3
observed by CPMG pulse sequence using some typical t times
at which the nth echo appeared under static (A) and MAS (B)
conditions as an example of the WGewater system. The peaks
at 0.9, 1.3, 2.0, 2.7 and 5.3 ppm were all assigned to lipid
resonances while the broad peak at 4.7 ppm was due to water.
The minor amount of resonances of proteins (if existed) might
14  10 6   2 -2 10 8 6   4   2  0 ppmppm

100

0.04

1
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10

40

A B

2

 (ms)

Fig. 7. 1H NMR spectra of W3 observed by CPMG pulse sequence without MAS (A) and with MAS (B) under varied t delay times.
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be overlapping with the broad water peak in the range of
3.5e4.5 ppm. As the t time increased, the intensity of the wa-
ter peak decayed much faster than the lipid resonances under
both static and MAS conditions, indicating lipid was more mo-
bile than water in the system and always contributed to the T2L

phase. The application of MAS did increase the T2 value (2e4
times) of lipid resonances and different resonances also dis-
played different T2 values (shown in Table 4). The chain
eCH2e (1.3 ppm) resonances always had the longest T2 values
while the resonances of eCH2eCOOe (2.1 ppm) and
eCH]CHeCH2e (2.7 ppm) had short T2 values. No signifi-
cant water effect to the data was obtained possibly due to the
hydrophobicity of lipid. For water at 4.7 ppm, the T2 value
increased as the water content increased from 0.23 ms (WG)
to 1.7 ms (W5), but the MAS only slightly increased the T2 of
water which is quite different from that of lipid. Previous
papers [26,30,31] had reported that the 1H linewidth of
proteins was reduced significantly by increasing the speed of
MAS but the linewidth of the water peak had minor change
under the same conditions. The significant increase of T2 of
lipid under MAS condition was similar to those of proteins
indicating an involvement of the homogeneous linewidth
broadening mechanism. The linewidth broadening nature of
water could be a result of chemical exchange between sites
with different chemical shifts or relaxation processes. In a
hydrated polymer system, different types of water that could
co-exist are variously described as bound and free, or non-
freezable and freezable, or associated and free, which may
be attributed to the water molecules strongly bonded with
polymer chains, and those having no interaction with polymer
at all [39]. In most cases there is a wide distribution of water
between the two extreme cases. The linewidth broadening
nature of water indicated a broad distribution of different inter-
action types of water undergoing chemical exchange among
these species. The short T2 values of water (0.23e1.7 ms,
not 10 mse1 s) suggested there was little so-called free water
in the system even when the water content was 24% (W5).

The study of 1H spin-lattice T1 relaxations of each component
in a multi-components system provides not only the information
of molecular motions at MHz range but also the homo- or hetero-
geneity of the system on a scale of ca. 20e30 nm, which is the
effective spin-diffusion length during the T1 relaxation times
[42e46]. 1H T1 data of the plasticized WG system were ob-
served either via 13C resonances through CP/MAS (mainly the
rigid phase/component) or via their 1H MAS spectra (the mobile
component/phase) and shown in Table 5. The comparison of 1H

Table 4
1H T2 values (ms) of the WG system observed via 1H NMR spectra

Samples MAS condition No MAS

4.7 ppm 2.7 ppm 2.1 ppm 1.3 ppm 0.9 ppm 4.6 ppm 1.7 ppm

WG 0.23 2.83 10.0 22.5 13.4 e 7.1

W1 0.55 2.05 6.82 16.7 10.1 0.57 4.8

W2 0.79 1.84 7.96 21.5 20.4 0.71 4.0

W3 1.19 2.65 10.0 23.6 20.6 1.02 4.7

W4 1.38 3.22 10.6 20.6 19.1 1.25 4.4

W5 1.70 1.78 7.91 19.3 23.0 1.47 4.2
T1 data observed by the two methods should therefore provide
the strength of dipolar interactions among different components
or phases with different chemical nature and molecular mobility,
thus exploring the homogeneity or heterogeneity of the whole
system on a scale of 20e30 nm.

The 1H T1 data of protein components observed at 54 ppm
and 30e25 ppm (via 13C CP/MAS spectra) were quite similar
in most of the plasticized samples indicating a strong spin-dif-
fusion interaction. The 1H T1 data detected at 74 ppm reflected
the behaviour of the starch component. Its value of 0.86 s in
the WG sample was quite different from those of proteins, in-
dicating the starch was not mixed intimately with the protein
molecules at the scale of 20e30 nm. However, when the water
content increased, the value observed for the starch component
at 74 ppm decreased quickly and tended to be identical to
those observed from protein resonances. This indicates that
an increase in water content allows more water molecules to
enter the rigid protein and starch phase, resulting in strong in-
teractions among protein, starch and water molecules, generat-
ing an intimate mixing. Strong hydrogen bonding interactions
and possible chemical exchange between water and starch/pro-
teins played a key role in this process. The data observed
through 1H MAS spectra mainly reflected the behaviour of
lipid (at 2.1, 1.3 and 0.9 ppm) and water (at 4.7 ppm). Each
resonance displayed its own relaxation behaviour in the
same sample (Table 5), suggesting weak spin-diffusion inter-
actions among the lipid segments due to the high mobility
of these components. The values decreased as water content
increased, displaying a similar trend to that of water at
4.7 ppm. Comparison of the T1 data observed from the two
different methods (13C CP/MAS and 1H MAS) indicated that
the plasticized WG materials were heterogenous at a scale
of 20e30 nm, although an increase of water content did en-
hance the homogeneity between starch and proteins.

4. Conclusions

Water as a very efficient plasticizer for wheat gluten can en-
hance molecular motions in different components in the WG
system. Such plasticized WG materials exhibited a wide distri-
bution of molecular mobility and, accordingly, could be di-
vided into three phases in terms of mobility at a temperature
above the Tg. The rigid phase mainly consisted of proteins
and starch with enhanced interactions among the two compo-
nents with water. The proportion of rigid phase decreased as

Table 5
1H T1 values (s) of the WG system

Samples Via 13C CP/MAS spectra Via 1H MAS spectra

174

ppm

74

ppm

54

ppm

30e25

ppm

4.7

ppm

2.1

ppm

1.3

ppm

0.9

ppm

WG 0.70 0.86 0.58 0.60 0.70 0.58 0.53 0.67

W1 0.58 0.38 0.31 0.32 0.46 0.48 0.46 0.52

W2 0.29 0.31 0.28 0.29 0.36 0.39 0.42 0.48

W3 0.35 0.33 0.36 0.31 0.28 0.35 0.41 0.47

W4 0.38 0.37 0.37 0.38 0.23 0.31 0.37 0.41

W5 0.38 0.38 0.39 0.39 0.25 0.28 0.34 0.37
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the water content increased, but this phase still remained in the
materials even when the water content was 24%. Lipid mole-
cules were always the most mobile component in the system.
The intermediate phase consisted of plasticized proteins
(mainly proline and glutamine segments) and starch, while
water and some lipid also contributed to this phase when water
content was low. Increasing water content increased the pro-
portion of this plasticized phase, but its mobility remained
constant. The mobility of water molecules displayed a broad
distribution in the system with strong dependence on water
content. When water content was low, the water molecules
were strongly hydrogen bonded with proteins and starch to
form an intermediate phase with these plasticized protein
and starch segments. An increase of water content also re-
sulted in an increase of the amount of mobile water species
which were assigned to the mobile phases. However, in all
cases, there was little so-called ‘‘free water’’ in the system.
The whole plasticized WG materials were heterogeneous at
a scale of 20e30 nm. The phase structure/composition is
more important for understanding physical properties of
such multi-component/phase materials with a broad distribu-
tion of phase mobility over a broad temperature range. Strong
hydrogen bonding acted as adhesion among different compo-
nents/phases thus providing good mechanical properties of
the materials over a wide range of temperature. The results
have further demonstrated that the application of both broad-
line and high-resolution solid-state NMR can provide valuable
information on quantitative composition of phase structure and
different mobility in a multi-component system, the chemical
nature of each phase, and the interactions among these compo-
nents/phases. The phase composition model obtained for
WGewater system could be considered as a general picture
for most plasticized protein materials.
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