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Detection of Solidlike Components in Starch Using Cross-Relaxation 
and Fourier Transform Wide-Line 'H NMR Methods 
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Department of Food Science and Whistler Center for Carbohydrate Research, Purdue University, 
West Lafayette, Indiana 47907-1160 

A new proton ('H) NMR method, nuclear magnetic cross-relaxation spectroscopy, permits sensitive 
detection of immobilized polymer in starch samples. The 'H cross-relaxation spectrum reflects the 
amount and relative rigidity of immobilized starch chains. Cross-relaxation integrated spectral intensities 
for freshly gelatinized waxy maize starch were found to depend sensitively on starch concentration 
above 10 wt ?4 . Retrogradation is observed to introduce a broad component to the cross-relaxation 
spectrum, interpreted as an increase in fraction of immobilized starch chains. Kinetics of aging may 
thus be expressed in terms of the changes in amount and relative rigidity of solidlike components. The 
complementary wide-line Fourier transform 'H NMR spectrum obtained with magic angle spinning 
verifies the presence of immobilized starch with a very wide 'H resonance and simultaneously shows 
narrow starch resonances, indicating a highly mobile starch fraction. The combined evidence 
demonstrates a very wide distribution of starch chain segmental mobilities and that the distribution 
changes as gelatinized starch ages. 

INTRODUCTION 

Food mechanical and rheological properties often de- 
pend on the flexibility of macromolecular networks. In 
such networks, the architecture, the rates of making and 
breaking of network bonds, and the flexibility of inter- 
vening molecules or their segments are important (Mor- 
ris, 1990). Thus, a goal in the molecular science of food 
is to characterize the structure and dynamics of coexisting 
structural components. Chain segments near covalent 
cross-links, in crystallites, or in associated chain forms are 
expected to be relatively immobile or even rigid. However, 
these regions may represent a small fraction of the total 
sample mass and thus may be difficult to detect. 

Principal methods for measuring the structure of food 
biopolymers include X-ray diffraction, optical rotation, 
vibrational spectroscopy (Raman, infrared), and magnetic 
resonance spectroscopy. While X-ray and vibrational 
methods are powerful, they do not conveniently give 
information about molecular dynamics. Although changes 
in molecular dynamics are reflected by changes in heat 
capacity measured calorimetrically and rheological meth- 
ods can be used to infer structural and sometimes 
dynamical aspects of network architecture, it is not possible 
with any of these, except magnetic resonance, to specify 
the rates and amplitudes of motions of the structural 
polymer species themselves. 

Nuclear magnetic resonance (NMR) has been used in 
polymer science and biophysics to relate macromolecular 
structure and conformational dynamics with functional 
properties. The main issue in the application of NMR to 
multiphasic materials such as food is that it is often difficult 
to observe the component of interest selectively, partic- 
ularly if it is solidlike. In general, polymer chain segments 
in solidlike domains have restricted mobility that broadens 
NMR lines severely. Nonetheless, methods exist for 
detecting solidlike components. For example, 'H spin- 
echo decay methods have been used to follow starch 
swelling, gelatinization, and retrogradation (Lechert and 
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Hennig, 1976; Lechert et al., 1980; Blanshard et al., 1990). 
Alternatively, the magnetization decay after a single 
excitation pulse or after a solid echo pulse sequence can 
be analyzed into fast and slow components, correspond- 
ing to solidlike and mobile components. The correspond- 
ing wide-line NMR spectrum, containing broad and narrow 
resonances, can be obtained by Fourier transformation. 
The single pulse wide-line experiment was demonstrated 
on starch granules by Lechert and Hennig (1976). In this 
paper we present the solid echo wide-line and high- 
resolution 'H NMR of a starch gel. Continuous wave (CW) 
wide-line 'H NMR methods can provide similar infor- 
mation. The line width of solid starch was estimated by 
the CW method to be >16 kHz in early work (Collison and 
McDonald, 19601, although spectra were not shown. The 
CW method is rarely used and has significant disadvan- 
tages for motionally heterogeneous samples (Andrew, 1953) 
when compared with pulsed time domain and Fourier 
transform methods. 

Carbon-13 NMR spectra of starch are simple to obtain 
when starch mobility is high, as in fresh pastes, gels, or 
dissolved starch (Callaghan et al., 1983). The experiment 
usually consists of a single short pulse at the carbon 
frequency and low-power irradiation at the proton fre- 
quency to eliminate 'H-l3C scalar coupling, i.e., to collapse 
13C multiplets. To obtain 13C signals from solid domains, 
however, it is necessary to employ line-narrowing tech- 
niques (magic angle spinning, high-power 'H decoupling), 
and it may be advantageous to employ cross-polarization 
techniques for sensitivity enhancement ('H-'3C cross- 
polarization) (Hartmann and Hahn, 1962; Pines et al., 
1973). The application of high-resolution liquid and solid 
l3C techniques in starch research has been reported by 
several groups (Baianu and Forster, 1980; Callaghan et 
al., 1983; Mora-Gutierrez and Baianu, 1991; Gidley and 
Bociek, 1985; Dev et al., 1987). In '3C NMR, the liquid 
methods select highly mobile components, while the 
conventional solid methods are solid-selective. Dynamics 
of components that are neither rigid nor highly flexible 
can also be characterized. This was demonstrated clearly 
for glycogen (Jackson and Bryant, 1989), a polymer closely 
related to amylopectin (waxy maize starch). However, 

0 1992 American Chemical Society 



450 J. Agric. Food Chem., Vol. 40, No. 3, 1992 

such experiments are not routine. Other techniques, 
perhaps more convenient and applicable for analysis and 
process situations, would be valuable. 

Here we report application of a recently developed 
magnetization transfer NMR method called cross-relax- 
ation or "Z-spectroscopy" (Wolff and Balaban, 1989; Grad 
arid Bryant, 1990) which selectively detects solidlike 
domains, is very sensitive to the dynamical characteristics 
of the solid components over a wide range in mobility, and 
has the advantage that it is simple to execute on many 
kinds of pulsed NMR spectrometers. Instead of a direct 
measurement of the broad resonance spectrum, the liquid- 
phase 'H spectrum containing the water resonance is 
observed. Due to magnetic coupling between liquid and 
solid, the amplitude of the liquid spectrum can be made 
to depend on the nuclear magnetic relaxation times TI 
and Tz of the solid, as well as on the solid-liquid spin 
concentration ratio, and the magnetization-transfer rate 
between liquid and solid. The relaxation properties of 
solid domains depend sensitivity on their internal mobility. 
Thus, the resulting cross-relaxation spectral line shape is 
similar to the wide-line lH NMR line shape and reflects 
internal mobility in solidlike components in the sample. 

We demonstrate the utility of the cross-relaxation 
method on the starch-water system, because this system 
is important in its own right and also affects the texture 
of many foods. We show that cross-relaxation spectroscopy 
senses the rigidity of starch in granules, polymer immo- 
bilization due to high concentration in gels, and changes 
in starch chain mobility accompanying the processes of 
gelatinization and retrogradation. The method thus 
complements other physical methods by describing states 
and processes in terms of molecular dynamics of the 
structural polymer itself. 

MATERIALS AND METHODS 

Sample Preparation. Waxy maize starch was obtained from 
Penford Products Co., Cedar Rapids, IA. Xanthan was obtained 
from Kelco Co., San Diego, CA. Although waxy maize starch 
contained 12% water as determined by vacuum oven dry, the 
starch concentrations were referred to the granule as received. 
For samples to be gelatinized, starch granules were weighed 
directly into a Wilmad 5-mm NMR tube. Deionized distilled 
water was then added to the tube to bring the starch concentration 
to the desired level (between 10 and 45 w t  %); the total weight 
of the sample was about 0.9 g. The starch/water was mixed using 
a vortex mixer. The suspension was degassed a t  room temper- 
ature using an aspiration pump to reduce the dissolved or trapped 
air in the mixture. After repeated degassing and vortexing, the 
NMR tube was transferred into a preheated water bath (95 "C) 
and kept there for 15 min. Starch gelatinization and pasting 
occurred quickly, the sample becoming transparent to translucent 
in appearance, depending on starch concentration. Samples were 
equilibrated a t  room temperature for a minimum of 30 min prior 
to the NMR measurement, Some gelatinized samples were stored 
at 5 "C and then equilibrated to room temperature before NMR 
measurement. For NMR measurement of uncooked samples, 
starch granules were first suspended in 0.25 wt % xanthan solution 
and then transferred into the NMR tube. 

NMR Measurements. All NMR spectra were obtained a t  
room temperature (ca. 23 "C). The 1H cross-relaxation NMR 
spectra were obtained on a Nicolet NT200 spectrometer, operating 
frequency ('H) of 200.067 MHz, using a single frequency (lH), 
single coil, high-resolution probe. The pulse sequence used is 
summarized in Figure 1. The preparation pulse D1 was applied 
using the decouple channel (VI) in heteronuclear mode. Unless 
otherwise specified, the preparation pulse was 450 ms a t  a radio 
frequency field strength of 500 Hz (proton precession frequency). 
The frequency offset (A) of the preparation pulse from the water 
resonance was varied from -50 to 50 kHz, usually in 5-kHz 
increments. The other acquisition parameters were as follows: 
predelay time (D5) 20 s, 90" pulse (P2) 6 ps, spectral width &1000 
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Figure 1. Pulse sequence used in cross-relaxation spectroscopy. 
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Figure 2. lH NMR spectra of an aged 40% waxy maize starch 
gel sample (room temperature, 5 days) with preparation pulse 
duration of 200 ms, radio frequency field strength (as precession 
frequency VI = y~B1/27r) of 300 Hz applied a t  offset frequency 
A varying from +50 to -50 kHz. (Inset) Cross-relaxation spectrum 
constructed from water resonance saturation as a function of A. 

Hz, data size 4K, and a single scan. Free induction decays were 
Fourier transformed after application of 1-Hz Lorentzian line 
broadening. The cross-relaxation spectrum is a plot of the 
normalized intensity of the water peak, Mi (with preparation 
pulse/Mto (without preparation pulse), vs the frequency offset 
(A).  

Figure 2 displays a series of lH NMR spectra for 40% waxy 
maize starch gel aged at room temperature for 5 days with 
preparation pulse irradiating a t  offset A from -50 to 50 kHz. The 
cross-relaxation spectrum calculated from these spectra is shown 
in the inset. 

The wide-line and high-resolution lH NMR spectrum was 
obtained on a Bruker MSL400 spectrometer, using a solid echo 
pulse sequence (90; - T~ - 90; - T~ - t ) ,  (Mansfield, 1965) with 
90" pulse width of 1.8 p s ,  i1 = 5 ps, 7 2  = 4 ps, t = 10 s, and n = 
128. Phase alternation consistent with quadrature detection was 
employed. Receiver phase was adjusted to place most of the 
signal in the A channel of the quadrature detector. The time 
domain signal digitized via a 9-bit ADC with 5-MHz bandwidth 
was co-added into 64K memory. The signal was Fourier 
transformed without further data treatment. The spectrum 
required only very small zero-order phase adjustments. Although 
the solid signal is obtained with excellent SIN ratio in the time 
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Figure 3. 1H cross-relaxation spectra of 10% waxy maize starch: (a) suspension of granules in 0.25% xanthan aqueous solution; (b) 
( X )  freshly gelatinized and cooled to room temperature, (0) DMSO solution; (c) retrograded gel (5 "C for 30 days). 

domain, the corresponding broad resonance in the Fourier 
transform appears to be noisy. This occurs when the acquisition 
time is much longer than the solid decay, a requirement when 
signals with long TzS, such as liquid water and mobile starch 
components, are to be detected without truncation of their decays. 
The sweep width was A 1  000 000 Hz, and the digital resolution 
in the spectrum is 30.5 Hz/point. The cylindrical sample rotor 
was spun at  the magic angle (54' 44') at  a rate of 2.3 kHz. The 
rotor volume was 0.44 mL. Excitation and detection of 'H 
resonance were achieved via the high-frequency channel of a 
high-power double-resonance probe. A single-frequency MAS 
probe would suffice. 
Theory. The cross-relaxation experiment probes the magnetic 

and dynamical properties of solid components via observation 
of the liquid signal. The experiment consists of simply irradiating 
the sample with a preparation pulse that is off-resonance from 
the liquid signal to be detected and then reading the effect on 
the liquid magnetization by sampling with an on-resonance 90' 
radio frequency pulse. The liquid intensity may be determined 
directly from a time domain signal or a Fourier transform of the 
resulting free induction decay, i.e., from the usual spectrum in 
the frequency domain. Due to the cross-relaxation process, partial 
saturation of protons in solid components will transfer to water 
during the preparation period. The degree of saturation of the 
solid components depends on irradiation frequency and on the 
rate at  which solid magnetization is lost due to nuclear relaxation 
in the system. The resonance intensity of the liquid, which is 
magnetically coupled to the solid, is plotted as a function of the 
frequency of the off-resonance preparation pulse and thus yields 
a spectrum that reflects the solid NMR opectrum and the 
relaxation properties of the whole system. The line shape of the 
spectrum is dependent on the amount and the relative rigidity 
of the solid component: the more solid component the sample 
contains and/or the more rigid the solid component is, the broader 
and more intense will be the resulting cross-relaxation spectrum. 
An advantage of Fourier transform detection of the liquid signal 
is that resonances from liquid and dissolved components are also 
obtained. As shown in Figure 2, the starch resonance peaks at  
3.7 ppm corresponding to CH protons (except for the anomeric 
proton) (Morris and Hall, 1982; McIntyre et al., 1990) indicate 
the high mobility of a fraction of starch chain segments. The 
anomeric protons, normally visible as a peak at  5.4 ppm (Morris 
and Hall, 1982; McIntyre et al., 1990) are often buried in the 
wings of the water resonance (4.76 ppm). 

Cross-relaxation spectroscopy has been discussed in detail by 
Grad and Bryant (1990). Their result for the steady-state 
magnetization for a liquid component (A) interacting via inter- 
molecular dipole-dipole interactions (cross-relaxation) with a 
solid component (B) is 

where 

(Id) 

The magnetization has been written in terms of a reduced form 

where t is time. The reduced magnetization is a measure of the 
deviation of the longitudinal magnetization from its equilibrium 
value in the absence of a radio frequency field. Equation l a  is 
valid only when A >> ol. In eq l a  f refers to the ratio of the 
number of B spins (solid) to the number of A spins (liquid); A 
denotes the frequency offset of the preparation radio frequency 
field from the A resonance frequency (in the cases below, water 
proton resonance); w1 is proportional to the strength B1 of the 
radio frequency field of the preparation pulse and is given as the 
proton precession frequency w1 = where YH is the proton 
gyromagnetic ratio; T2e is the characteristic time of solid 
transverse relaxation; RBA is the cross-relaxation rate; and RA 
and RB are longitudinal relaxation rates. 

In the limit when cross-relaxation between the spin populations 
is rapid, i.e., when R B ~ R A  >> 1 

@ = (1/2)w12T1BT2B/[(1 + 47r2T22A2)(1 + 

This equation is similar to the steady-state solution of the 
Bloch equations for a single population of nuclear spins but 
contains the relaxation parameters of the solid as well as those 
of the liquid. The equation shows that liquid signal intensity 
PA is affected by the magnetic relaxation parameters of the solid 
spin system and, therefore, the molecular dynamics of the solid 
components. The line width of the cross-relaxation spectrum 
increases with decreasing T2B, i.e., increasing rigidity. The 
intensity of the cross-relaxation spectrum is dependent on the 
solid to liquid proton ratio f; the area of the cross-relaxation 
spectrum increases with increasing f .  

The spectroscopy is executed on the liquid, obviating the need 
for special electronics for detecting the rapidly decaying free 
induction decay signal of the solid, as in the wide-line Fourier 
transform method. 

The theory of cross-relaxation spectroscopy has been recently 
extended by Wu (1991), in which transverse magnetization of 
the water spin is considered in the cross-relaxation process. 

RESULTS AND DISCUSSION 

Cross-Relaxation Spectra of Starch. Cross-relax- 
ation NMR spectra of starch in various states are shown 
in Figure 3. The low water intensity resulting from the 
preparation pulse a t  very small frequency offset (less than 
1 kHz) might be caused by the effects of direct saturation 
and/or finite line width of the water resonance as indicated 
in Wu's (1991) equation, and those data points would not 
fit any simple line sh.ape functions for the broad compo- 
nents if included along with the other data points. Thus, 
only the data points a t  frequency offsets larger than f l  
kHz were used to estimate the broad component line width 
of the cross-relaxation spectra. The cross-relaxation 
spectrum of a 10 wt '% suspension of starch granules 
(Figure 3a) thus shows a width at  half-height of about 25 
kHz, which reflects the 'H NMR line shape of the 
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Figure 4. 1H cross-relaxation spectra of freshly gelatinized waxy 
maize starch as a function of starch concentration: (0) 10, (A) 
25, (0) 35, and (*) 45 wt %. 

immobilized components. The width of this component 
indicates that the starch chains in these wet granules are 
fairly rigid. Heating such a sample above about 70 "C 
causes swelling, hydration, loss of crystallinity, and loss 
of granule integrity in the process known as gelatinization 
(Zobel, 1984). Consistent with release of immobilizing 
constraints of high concentration and crystallinity of starch 
chains in the granule, the cross-relaxation spectrum of 
the freshly gelatinized sample, cooled to room tempera- 
ture, lacks detectable evidence of rigid solid; Le., there is 
no intensity a t  offsets larger than about 10 kHz. Figure 
3b shows both the relatively narrow cross-relaxation 
spectra of the fresh gel and of a 10% starch/DMSO 
solution. The solution spectrum is even narrower than 
the fresh gel spectrum, as expected from increased 
motional averaging of the 'HJH dipole-dipole couplings. 

However, gelatinized starch may retrograde, which is a 
process accompanied by development of gellike properties 
and increasing firmness, crystallinity detectable by X-ray 
diffraction and/or a melting peak in a differential scanning 
calorimetry (DSC) thermogram, and increased turbidity 
and light scattering (Slade and Levine, 1987; Ring et al., 
1987; Morris, 1986). These observations are consistent 
with formation of domains in which polymer is highly 
concentrated and, a t  least in the case of crystallites, 
relatively immobilized. Immobilization of the macromol- 
ecules is reflected in the return of the broad features in 
the cross-relaxation spectrum (Figure 3c). The broad 
component in the cross-relaxation spectrum permits 
estimation of the fraction of starch that has returned to 
the immobilized state. 

Concentration Dependence of Starch Chain 
Rigidity. The absence of detectable intensity a t  the large 
frequency offset in the cross-relaxation spectrum of heated 
10% starch requires that the starch proton TZ be quite 
long. This change is consistent with significantly increased 
molecular motion that would attend dissolution. Polymer 
chain segmental mobility may become more restricted at 
higher polymer concentration because of increased inter- 
molecular contact and excluded volume effects. To test 
this idea, cross-relaxation spectra were obtained on freshly 
gelatinized samples ranging in starch concentration from 
10 to 45 wt %. The series of room temperature spectra 
is shown in Figure 4. The spectra were obtained right 
after equilibrium at  room temperature was reached, so 
that retrogradation of the amylopectin molecules was 
minimized. The principal features of this series are that 

'r 
\ 
N U  

0.4 

0.2 

0.0 I l l  
-50 -40 -30 -20 -10 0 10 20 30 40 ! 3 

Offset Frequency  (kHz) 
Figure 5. Time dependence of cross-relaxation line shape of 
gelatinized 25 % waxy maize starch during retrogradation at 5 
O C :  (0) 3 h; (0) 20 h; (X) 64 h; (A) 140 h; (+) 10 days; (*) 67 days. 

there is a detectable cross-relaxation spectrum resulting 
from starch protons at  concentrations greater than 10 wt 
% and the cross-relaxation spectral width and intensity 
increase as concentration increases. The inset of Figure 
4 is the plot of the spectral area vs the volume fraction of 
starch, which was calculated from starch granule concen- 
tration with the correction of 12% water content and 
assuming that starch has approximately the same density 
as crystalline glucose monohydrate. Equation 3 predicts 
an increased area and line width as the ratio f of "solid" 
to liquid protons is increased. We observe a greater 
increase in area and width than predicted for a simple 
increase in f. This indicates that other parameters are 
changing. At  present we favor the possibility of a decrease 
in T ~ B  corresponding to partial immobilization of starch 
chain due to concentration. Crystallinity is not likely to 
be the source of broadening in any of these spectra, since 
in a fresh waxy maize gel there is no crystallinity detectable 
by differential scanning calorimetry (Slade and Levine, 
1987) or by X-ray diffraction (Miles et al., 1985). A full 
explanation of the cross-relaxation line shapes of con- 
centrated gelatinized starch will require further study. 

Starch Chain Immobilization during Retro- 
gradation. As illustrated in Figure 3c, the cross-relaxation 
spectrum is sensitive to the changes in chain motion that 
accompany retrogradation. For waxy maize starch, this 
is a relatively slow process that can be monitored by 
observing the change in cross-relaxation spectrum shape 
and intensity. The results for a single 25 wt % sample 
tested at various times are shown in Figure 5. The major 
change at  early times during retrogradation is an increase 
in intensity of a broad spectral component, which signals 
the development of rigidity in a starch component. 
Subsequently, substantial increases in area and width 
suggest gradual immobilization of a certain fraction of the 
remaining polymer mass. The concentration dependence 
of starch molecule immobilization during retrogradation 
is the subject of a separate study (in progress). 

Motional Heterogeneity in Starch. The complex line 
shape during retrogradation may be interpreted as the 
superposition of several components corresponding to 
domains where polymer chains are far more rigid than 
those in solution but which nonetheless have different 
internal mobilities. 

Independent evidence for motional heterogeneity of 
hydrated starch derives from a previous study (Lechert et 
al., 1980), in which a time domain signal due to starch 
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protons was obtained in a spin echo experiment on 3% 
starch gels in zHzO. The echo decay could be resolved 
into fast and slow components, attributed to "solidlike 
and mobile" starch components, respectively. However, 
no time axis was provided; thus, the spin echo decay 
components cannot be compared to directly detected 
spectral components (see below). Blanshard et al. (1990) 
also reported spin-echo detection of transverse magne- 
tization decay, noting the existence of a t  least two 
components with decay rates of about 10 ps and 1-10 ms, 
in retrograded amylose gels in 2H20. Spectral component 
widths c m  be estimated from these rates using the relation 
Avl 2 = l/sTz, where Av1p is the line width at  half-height 
and TZ is the apparent transverse relaxation time, here 
taken to be equal to each spin echo magnetization decay 
rate. The predicted component widths would be 30 kHz 
and 30-300 Hz, respectively. The authors attributed the 
decay components to rigid, double-helical segments and 
to mobile interjunction segments, respectively. Motional 
heterogeneity in starch has also been demonstrated from 
l3C NMR studies (Gidley, 1989). Integrated intensities 
in a single pulse high-resolution l3C NMR spectrum of 
starch gel can be compared with that of standard com- 
pounds to obtain an estimate of mobile starch fraction 
(Callaghan et al., 1983; Hansen et al., 1989). 

Other evidence of motional heterogeneity is found in 
the spectra used to calculate the cross-relaxation spectrum. 
For example, starch peaks can be detected in the high- 
resolution lH NMR spectrum of starch gelatinized in 1H20 
and retrograded at  room temperature for 5 days (Figure 
2, peaks between 3 and 4 ppm). The observation of starch 
resonances in a high-resolution 'H NMR spectrum requires 
the corresponding starch components to be highly mobile. 
A previous 'H NMR study alluded to the presence of 
mobile starch, but neither spectra nor integrals were 
reported (Jaska, 1971). Since the water ('HzO) resonance 
is large and sometimes broad in such spectra, starch proton 
resonances are more easily observed in lH NMR spectra 
obtained in a zHzO/starch sample and/or a t  high tem- 
perature (Gidley, 1985). We have observed starch reso- 
nance widths in z H ~ O  samples of concentrated starch gels 
(10-40%) to be in the range 25-80 Hz at  room temper- 
ature (data not shown), depending on concentration and 
aging. The range is still orders of magnitude narrower 
than the width of components detected in cross-relaxation 
spectra. Thus, neither high-resolution NMR spectra nor 
cross-relaxation spectra provide a complete picture. 

Wide-Line and High-Resolution lH NMRof Starch. 
We demonstrate here a method for observing the total lH 
NMR spectrum. The details of the method, called wide- 
line and high-resolution, are described under Materials 
and Methods. Figure 6 shows the wide-line Fourier 
transform lH NMR spectrum of a 40 7% waxy maize starch/ 
ZHz0 gel aged at  5 O C  for 10 days. The spectrum shows 
a broad component with a width of about 30 kHz, which 
is comparable to the width of the broadest component in 
a cross-relaxation spectrum of the similar starch/lHzO 
sample (data not shown). An intermediate component 
with a width of several kilohertz is evident in the wide- 
line spectrum. This feature would generally not be 
observed in a conventional high-resolution 'H NMR 
experiment, in which the entire resonance is not excited, 
and the spectral width is usually smaller than about 4 
kHz. An exact value for the widths of intermediate 
components cannot be given since the line shape is fairly 
complex, and methods for decomposing the total spectrum 
into a sum of components of different shapes and widths 
are not yet perfected. Nonetheless, the correspondence 
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Figure 6. Wide-line and high-resolution Fourier transform lH 
NMR spectrum of 40 % waxy maize starch/2Hz0 gel aged a t  5 O C  

for 10 days. Details are given in the text. (Inset) 40X horizontal 
expansion of the central part of the spectrum, corresponding to 
a conventional high-resolution lH NMR experiment. 

between the cross-relaxation spectrum and the total lH 
NMR spectrum of an aged gel is striking, in that each can 
apparently be decomposed into broad (several tens of 
kilohertz) and intermediate (several kilohertz) compo- 
nents. 

Magic angle sample spinning (MAS) permits resolution 
which is sometimes lost in a wide-line NMR probe to be 
recovered (Eads et al., 1991; Badiger et al., 1991; Rutar et 
al., 1988). Thus, the wide-line spectrum with MAS 
produces narrow, resolved water and highly mobile starch 
resonances. The central part of the wide-line spectrum 
contains the same information as a conventional single 
pulse lH NMRexperiment. The fractions of polymer mass 
producing broad, intermediate, and narrow spectral com- 
ponents in the total NMR spectrum can be estimated by 
integration of the spectrum in Figure 6 to be about 63: 
16:21, respectively. While we are not aware of previous 
reports of the wide-line FT NMR spectrum of starch, the 
observation of a wide range in line widths, and hence 
mobility, might have been anticipated from the 'H spin 
echo experiments of Lechert et al. (1980) and of Blan- 
shard et al. (1990). 

Independent evidence from light scattering, DSC, and 
X-ray clearly suggest that domains of highly concentrated 
and sometimes crystalline starch can exist in starch gels. 
Thus, a t  least in the case of retrograded gels a relationship 
may be drawn between spectral components reflecting 
motional heterogeneity and physical components, i.e., 
domains in which polymer chains have different degrees of 
mobility. It should be emphasized that while a multi- 
component NMR spectrum may indicate a distribution of 
motions, it does not necessarily indicate that physical 
domains exist unless independent experimental evidence, 
including other NMR experiments (Lacelle and Gerstein, 
19871, supports such as interpretation. 

High-resolution NMR spectra can also be obtained from 
rigid components. Resolved chemical shifts in such 
experiments can provide information about local confor- 
mation and packing effects. The relevant 13C experiment 
involves cross-polarization, magic angle spinning, and high- 
power proton decoupling (Pines et al., 1973). Applications 
to starch systems have been reported (Marchessault et al., 
1985; Gidley and Bociek, 1985,1988; Veregin et al., 1987; 
Blanshard et al., 1990; Mora-Gutierrez and Baianu, 1991). 
The corresponding 'H experiment (CRAMPS) involves 
multiple pulses and magic angle spinning (Taylor et al., 
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1979); application of CRAMPS to starch has not yet been 
reported. However, the distributions of motional com- 
ponents are not easily made with either I3C or 'H high- 
resolution solids methods, unless nuclear relaxation ex- 
periments are conducted. These can be time-consuming 
and may have limited value in process-monitoring schemes 
or in measurement of processes occurring in times of 
seconds or less. Finally, it is not straightforward with 
either '3C or 'H high-resolution methods to obtain 
resonances from intermediate mobility components. 

Conclusion. The potential value of 'H cross-relaxation 
spectra for monitoring processes involving changes in 
amount and molecular dynamics of solid and semisolid 
domains is clearly indicated by the results presented in 
this paper. Other NMR methods measuring starch lH 
NMR behavior have been proposed and demonstrated for 
such purposes (Lechert et al., 1980; Blanshard et al., 1990). 
There is also substantial literature covering 'H NMR 
methods observing water 'H, *H, and ' 7 0  NMRrelaxation 
behavior; some recent examples include Belton and Colqu- 
houn (1990), Hills et al. (19911, Mora-Gutierrez and Bai- 
anu (1989), and Schmidt (1990). While the water studies 
have practical value, they do not directly detect solid and 
measure mobility of the macromolecules, as in wide-line 
NMR, nor do they reflect so clearly the state of immobilized 
components, as in cross-relaxation NMR. 

Most NMR spectrometers can be equipped to execute 
a 'H cross-relaxation experiment. Although we report the 
full cross-relaxation spectrum, requiring about 10-20 min 
to obtain, a simpler, shorter experiment is conceivable, 
wherein the saturation of the 'HzO signal is monitored 
after a preparation pulse applied at a single offset 
frequency. Such an experiment could provide a useful 
result in less than 2 s. Finally, a method that obtains the 
entire cross-relaxation spectra in less than 5 s has been 
reported (Swanson, 1991). The experiment was conducted 
with application of a magnetic field gradient in a magnetic 
resonance imaging spectrometer. The cross-relaxation 
methodology has been applied to systems besides starch, 
namely animal tissues (Grad et al., 1991; Wolff et al., 1991), 
and should find wide utility in food science and technology. 
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