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Abstract

The analogy between starch and a chiral side-chain polymeric liquid crystal is examined in relation to the processes
involved during gelatinisation. There are three important parameters for characterisation of the molecular phase
behaviour of the amylopectin: the lamellar order parameter (c), the orientational order parameter of the amylopectin
double helices (f), and the helicity of the sample (h, the helix/coil ratio, a measure of the helix–coil transition of the
double helices). The coupling between the double helices and the backbone through the flexible spacers is affected
dramatically by the water content and it is this factor which dictates the particular phase adopted by the amylopectin
inside the starch granule as a function of temperature. SAXS, WAXS and 13C CP/MAS NMR are used to examine
these phenomena in excess water. Furthermore, previous experimental evidence pertaining to the limiting water case
is reviewed with respect to this new theoretical framework. © 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Starch; Liquid crystalline; X-ray; NMR; Helix–coil transition

1. Introduction

The gelatinisation of the native starch gran-
ule is required in almost all culinary and in-
dustrial uses of starch [1]. Gelatinisation leads
to a change in organisation of the granules as
a function of temperature and water content.
The phase transitions involved are only slowly
being unravelled, in a large part hampered by
the lack of understanding of the native gran-
ule structure. Previously we have presented
evidence that starch has many physical prop-

erties in common with a chiral side-chain liq-
uid–crystalline polymer, and it is this analogy
relating to the process of gelatinisation that
we develop in the present paper [2–4].

The structure of wild type starch is now
thought to be hierarchically organised on four
length scales [5]: molecular scale (�A, ), lamel-
lar structure (�90 A, ); growth rings (�0.1
mm) and the whole granule morphology
(�mm). The crystalline regions consist of
double helices of amylopectin, which are ar-
ranged in either A or B type unit cells [6,7].
The lamellae are alternating regions of amor-
phous and crystalline material whose total
periodicity is 90 A, in all species yet examined
[8]. The growth rings are alternating ring
structures consisting of amorphous and crys-
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talline regions [5]. The whole granule mor-
phology depends sensitively on the species and
takes the form of polyhedra, ellipsoids and
spheres [9]. The chiral side-chain liquid–crys-
talline model for starch considers that an amy-
lopectin molecule consists of three sections:
the chiral double helices, the amorphous spac-
ers and the amorphous backbone. It is postu-
lated that the crystalline smectic lamellar
periodicity (the alternating regions of crys-
talline and amorphous material observed in
SAXS and electron microscopy experiments
[10]) is due to the antagonistic effect of the
entropy of the backbone and the ordering of
the helices [3]. To maximise the entropy of the
water plasticised polymer backbone, the glu-
cose double helices are pushed in to their
lamellar structure.

All the four length scales are thought to
contribute to the gelatinisation phenomena.
The detailed mechanisms involved prove to be
surprisingly subtle and hard to elucidate even
after exhaustive DSC [11], SAXS [12], SANS
[13], DMA [14], optical microscopy [15], and
NMR [16] investigations have been con-
ducted. These difficulties are encapsulated in
the large number of independent variables in-
volved: species, growth conditions, extraction
procedures, water content, heating rate, ther-
mal history, and also due to the malevolent
influence of thermodynamic irreversibility [17].
The study of Jenkins and co-workers [18] pro-
vides a fair example of the current state of
understanding of gelatinisation. In excess wa-
ter the first step is for the amorphous growth
rings to suck in water and rapidly expand in
size. Consequently, since the system is widely
cross-linked through the amorphous back-
bone, the coupled semi-crystalline lamellae are
then disrupted reducing the granule’s crys-
tallinity and causing it to lose its birefrin-
gence, which is a measure of the ordering on a
length scale of the wavelength of light �0.5
mm. In limiting water the swelling capability
of the granule is reduced. Initially some crys-
tallinity is lost by the swelling process de-
scribed for gelatinisation in excess water.
There is however insufficient water to permit
full swelling and crystallite disruption. As the
temperature is raised, the crystallites remain-
ing undergo a conventional melting transition,
leading to an additional DSC endotherm.

In this paper the gelatinisation behaviour of
waxy maize, maize and potato starch were
monitored in excess water with SAXS/WAXS.
The extension to previous studies is that iden-
tical samples to those used in a solid state 13C
CP/MAS NMR experiment [16] were exam-
ined. Therefore conclusions could be drawn
using a combination of these probes on the
molecular processes involved in gelatinisation.
Furthermore, starch/water systems were
slowly heated to temperatures around the
gelatinisation point, and then cooled back to
room temperature. Characterisation of these
samples enabled the reversibility of the trans-
formations during gelatinisation in excess wa-
ter to be deduced.

In addition to this experimental study, a
model is presented which relates the phenom-
ena of gelatinisation to the liquid crystalline
properties of starch [2–4] as dictated by the
order parameters and the degree of mobility
of the different sections of the amylopectin.
Although the study is preliminary in nature it
is important to examine the effect of helix–
coil transitions [19,20], and how they relate to
the existence of liquid crystallinity.

2. Experimental

Identical samples were provided to those
examined by Cooke and Gidley using 13C
CP/MAS NMR [16]. Waxy maize, maize and
potato starch (5% w/w starch–water) were
heated slowly to target temperatures in the
range 50–71 °C (i.e., temperatures in the
range of the single DSC endotherms observed
with these starches in excess water [11]), over a
period of 20–30 min followed by rapid cool-
ing and lyophilisation. SAXS/WAXS data
were collected on beam line 8.2 at the SRS
(Daresbury, UK) from these partially cooked
samples, so that the extent to which both long
and short range order had been destroyed by
the heat treatment could be assessed. [This
assumes that only small changes associated
with long term room temperature (rt) storage
had occurred; the maximum temperatures
used were below the end of the gelatinisation
endotherm, so that some granule integrity was
left. The samples had been stored at rt for a
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six month period and the molecular relaxation
processes involved in retrogradation would be
expected to be complete.

Native starches from identical sources were
obtained for dynamic gelatinisation X-ray ex-
periments. The in situ DSC ramp rate in these

experiments for dynamic gelatinisation runs
was 2 °C/min from 25 to 120 °C. Samples
were held in customised DSC cells with mica
windows [12]. A particular advantage of the
high flux (4×1010 ph s−1) and the low noise
multi-wire detectors available at Daresbury is
the possibility of following transitions in
starch dynamically in situ in the X-ray beam
[21].

‘Molecular order’ is a measure of helical
content in the samples and was calculated as
described by Gidley and Bociek [22] by de-
composition of the spectra in terms of helical
and amorphous references. Crystallinity loss is
derived from measurements with a lab-based
rotating anode X-ray source and is calculated
using the Wakelin method [23].

3. Results

13C CP/MAS solid state NMR data [16] is
represented in Fig. 1(a–c) for retrograded
starches gelatinised in excess water (20% w/w
starch–water). Dynamic SAXS curves for
potato, waxy maize, and maize are shown in
Fig. 2(a–c). With B-type starches the varia-
tion of the 100 inter-helix reflection can be
seen at 0.41 A, −1 (Fig. 2(a)). SAXS from
samples which had previously been slowly
heated to the target temperature in excess
water (5% w/w), cooled and then lyophilised
are displayed in Fig. 3(a–d). Since maintain-
ing a constant mass of starch (�50 mg) was
difficult in all samples, an additional normali-
sation was carried out by requiring the high q
regions to be equal. This is a regularly used
method with SAXS normalisation; it does not
change the behaviour if applied to the conven-
tionally normalised samples of Fig. 2(a–c). A
well defined 90 A, SAXS peak is shown by
potato for intial heating temperatures5
57.4 °C, waxy maize568.3 °C, and maize5
60.2 °C. An additional expanded picture of
the 0.35–47 A, −1 region of the SAXS curve
for waxy maize (Fig. 3(c)) is shown in Fig.
3(b). It displays the appearance of the B-type
polymorph after the SAXS peak has been
completely lost at 71 °C in waxy maize starch.
This appears to be a long time scale relaxation
process not seen with samples examined di-
rectly after heat treatment [16].

Fig. 1. (a) Comparison of crystallinity and molecular order
loss from a series of retrograded waxy maize starches. Tp the
peak endotherm temperature is shown. (b) Comparison of
crystallinity and molecular order loss from a series of retro-
graded maize starches. Tp the peak endotherm temperature is
shown. (c) Comparison of crystallinity and molecular order
loss from a series of retrograded potato starches. Tp the peak
endotherm temperature is shown.



T.A. Waigh et al. / Carbohydrate Research 328 (2000) 165–176168

Fig. 2. (a) Curves taken during dynamic gelatinisation of
potato starch (40% w/w) at the temperatures shown. Temper-
ature ramp rate of 2 °C/min was used. (b) Dynamic gelatinisa-
tion of waxy maize starch (40% w/w). Temperature ramp rate
of 2 °C/min was used. (c) Dynamic gelatinisation of maize
starch (40% w/w). Temperature ramp rate of 2 °C/min was
used.

tegrated intensities were equal, that is the
assumption of conserved scattered radiation
[24]. A sharp change in the WAXS from A to
B-type is seen for waxy maize at the point of
gelatinisation 68.3–69.0 °C (Fig. 4(b)). This is
just before the DSC peak endotherm of
72.2 °C detailed in Fig. 1(a). A more gradual
change is seen with maize, and it occurs at a
slightly lower temperature 65.3–67.3 °C. Con-
siderable crystallinity loss is not observed in
the normalised WAXS with potato starch in
the range 57.4–67.0 °C. In common with the
appearance of the B-type 100 peak in SAXS
for waxy maize (Fig. 3(b)) the WAXS (Fig.
4(b)) indicated that a transformation from
A-type to B-type unit cells occurs following
initial heating up to 71 °C. An intermediate
frustrated A-type structure of lower crys-
tallinity occurs at the transformation point of
69 °C. It appears that some irreversible change
can be associated with heating up to this
temperature.

13C CP-MAS NMR shows that in the maize
samples shown in Fig. 1(a,b) there is a very
sharp loss of both crystalline order, and
molecular order during the final stage of gela-
tinisation. With potato starch the final rate of
loss of crystalline order is much less (Fig.
1(c)), but the final loss of molecular order is
greater than the crystallinity loss. The final
stage of crystallinity loss is much smaller with
potato (longer helices) 2.7%/°C, than with
maize and waxy maize (shorter helices) 13.3,
and 14.5%/°C, respectively. The final stages of
molecular order loss are more similar with all
three varieties: 11.4%/°C (potato), 19%/°C
(waxy maize), and 13.4%/°C (maize).

If the waxy maize is only taken up to
temperatures below 69 °C, recooling to rt al-
lows the 90 A, peak to persist. This means that
all the curves in Fig. 3(c) for the SAXS signal
at rt after an initial heating to temperatures
below 69 °C, superimpose on the uncooked
data. The in-situ gelatinisation runs (Fig. 2(b))
show clearly that significant intensity has been
lost in the 90 A, peak by the time the tempera-
ture has reached 58.4 °C. We postulate that
Fig. 5 is the relevant model to describe this
behaviour. At the lower temperatures there is
a partial loss of crystallinity as double helices
are stripped off the sides of the crystallites,

The WAXS data that was collected is
shown in Fig. 4(a–c). The WAXS data for
maize starch is in good agreement with that
published by Gidley et al for identical samples
using a rotating anode source [16], although
the other starches show signs of long term
retrogradation due to their prolonged storage.
Profiles were normalised by ensuring their in-
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but they remain intact as double helices and if
the temperature is dropped again the remain-
ing crystal acts as a template on which the
helices will partially relocate. However in the
final stage of gelatinisation above 69 °C the
molecular order losses (h) are large (note that
Fig. 1(a) shows a change in gradient for the

loss of both the helix content and crystallinity
above this temperature) and it is suggested
that above this temperature a helix–coil tran-
sition occurs. This corresponds to the temper-
ature at which the WAXS signal is suddenly
lost in Fig. 4(b). The persistence of the native
90 A, spacing upon subsequent cooling no

Fig. 3. (a) SAXS from retrograded potato starch. Samples were slowly heated to the target temperatures in excess water, and then
cooled to room temperature. (b) Appearance of the 100 B-type reflection in retrograded waxy maize starch after long time storage
at room temperature (\3 months). (c) SAXS from retrograded waxy maize starch. Samples were slowly heated to the target
temperatures in excess water, and then cooled to room temperature. All the curves fall onto a single master curve below 69 °C.
The relative normalisation is probably not quantitatively correct, since Fig. 1(c) shows a loss of helical content. (d) SAXS from
retrograded maize starch. Samples were slowly heated to the target temperatures in excess water, and the cooled to room
temperature.
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Fig. 4. (a) WAXS from retrograded potato starches. An
additional offset has been applied to improve visibility. The
data agrees with that found in Cooke and Gidley [16] except
that the transition from B to A unit cells appears to be a long
time scale transformation. (b) WAXS from retrograded waxy
maize starches. An additional offset has been applied to
improve visibility. Note that the unit cell changes at 71 °C
from A to B type. The data agrees with Cooke and Gidley
[16] except the A to B type transition assumes a long time
scale behaviour. (c) WAXS from retrograded maize starches.
An additional offset has been applied to improve visibility.

ature to which a sample can be heated, yet still
maintain its SAXS periodicity on subsequent
cooling and storage, is reduced (Fig. 3(d)).
That is the thermal stability of the amy-
lopectin lamellar structure is reduced by the
linear polymer. The temperature at which
maize maintains its SAXS periodicity drops to
60.2, 8 °C lower than the case with waxy
maize, even though they have a similar amy-
lopectin structure. We propose that amylose
destabilises the lamellar crystallites causing
their loss at lower temperatures by movement
of the amylose molecules into regions contain-
ing amylopectin, thereby preventing the refor-
mation of the original correlated structure.

Long term retrogradation in terms of re-
crystallisation into the B-type crystalline poly-
morph only occurs in amylopectin after the
helix–coil transition with waxy maize. Below
the temperature of this transition such a rear-
rangement cannot occur. Thus in Fig. 3(b) the
(100) reflection only appears after the loss of
the small angle peak at 69 °C. A similar trans-
formation of A-type to B-type unit cells can
be observed in the WAXS patterns of Fig.
4(b), but does not occur with the maize
starches.

Solid state 13C CP/MAS NMR evidence for
the helix–coil transition is seen with all three
samples in Fig. 1(a–c). The NMR data em-
phasises the helical nature of the sample
(molecular order), since the technique only
probes short-range interactions (B10 A, ) [25].
The loss of molecular helical ordering occurs
at a similar rate for maize and waxy maize
and more sharply than the loss of crystallinity
during the final stages of gelatinisation for
potato starch.

A piece of evidence supporting the idea of
the importance of the helix–coil transition is
seen in the relationship between the tempera-
tures at which the crystallinity, the 100 B-type
reflection and the SAXS peaks are lost in
dynamic X-ray experiments. It has been uni-
versally found over a wide range of storage
organ starches that the SAXS peak is lost
before the final drop of the crystallinity index
to zero [18]. The effect is seen in Fig. 6 with
data derived from the dynamic gelatinisation
of potato starch. Here as in previous studies,
the SAXS peak and the 100 peak are lost at a

longer seems able to occur after this point,
implying that whereas changes are reversible
below this temperature, above it irreversible
changes have occurred.

With the inclusion of amylose in waxy
maize, that is ‘normal type’ maize, the temper-
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Fig. 5. The two-stage process involved in the gelatinisation of starch in excess water (ThcBTss). The first stage involves a slow
dissociation of the helices side-by-side. Immediately a helix coil transition occurs as a secondary effect. Relative values of the
orientational (f), lamellar (c), and helical order parameter (h) are included.

stage before the WAXS crystallinity index.
This residual crystallinity is interpreted to be
due to unmelted helices. Crystallinity indices
deduced with the Wakelin method in starch
[23] are thus a subtle combination of two
types of phase transition, helix–helix dissocia-
tion and helix–coil transition (Fig. 5), whereas
the SAXS and 100 peak measure the crys-
talline smectic–nematic transition alone (he-
lix–helix dissociation). WAXS samples
periodicities on the length scale of the wave-
length used (1.54 A, ), so even double helices
which are not associated into crystallites can
be expected to contribute to the scattering.

The shape of the curves in Fig. 1(c) for
potato, are rather different from those for the
A type starches of Fig. 1(a,b). Most of the
order is lost beyond the peak in the gelatinisa-
tion endotherm rather than before, and the
crystallinity loss occurs more rapidly than the
loss of helical content. An explanation of the
latter observation may be found from the
consideration of the branch lengths of the
amylopectin in the different species. In general
the branch lengths in B-type starches such as
potato are greater then for A-type, such as
maize and waxy maize [4]. Consequently we
may expect the length of double helices in
potato also to be greater, and this will confer
greater stability on them and hence make
them resistant to dissociation. In this way it
would be possible for three dimensional crys-
tallinity to be lost, but not the order associ-

ated with the double helix structure. This
would imply the existence of an intermediate
nematic phase.

The 100 peak is also seen to broaden during
dynamic gelatinisation of potato starch (Fig.
2(a)). A Gaussian can be fitted to the 100 peak
isolated from the asymmetric background by
subtraction of the fully gelatinised (amor-
phous) sample. The standard deviations of
these Gaussian fits for potato starch are
plotted against temperature in Fig. 7. They
are larger at higher temperatures (vertical
error bars). There are three factors that
contribute to line broadening: microstrains,
paracrystalline distortion and crystal size
[24]. Assuming negligible thermal effects the

Fig. 6. Dynamic gelatinisation of potato starch (40% w/w).
Showing the relative transition rates of the 100 peak, the
SAXS peak, and the crystallinity index. The DSC peak en-
dotherm temperature (Tp) is shown.
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Fig. 7. The change in broadening of the 100 WAXS peak for
potato starch during gelatinisation. Broadening of the profile
corresponds to the standard deviation of a Gaussian fit. Tp is
the peak endotherm temperature.

is defined as the proportion of the paired
monomers in the lamellae in the double helical
state i.e., h=Nh/(Nh+Nc), Nh is the number
in the helical state and Nc is the number in the
coil state. The molecular order losses mea-
sured using 13C NMR in Fig. 1(a–c) could be
considered a first approximation to this value
of h.

Drawing together ideas in the literature
there are four scenarios for the denaturation
of helices which need to be considered: crys-
talline, concentrated (e.g., nematic, smectic,
isotropic), semi-dilute, and dilute. Dilute he-
lices, with non-interacting solution state com-
ponents, are commonly the subject of
Zimm–Bragg theories [19,20]. In semi-dilute
solutions there is thought to be both entropic
and enthalpic stabilisation of the double he-
lices. Short regions of helix are stabilised at
much higher temperatures if they interact side-
by-side [26,27]. Zimm–Bragg theories includ-
ing corrections for loops and inter-helix
interactions, predict an initial dissociation of
helices side by side followed by immediate
dissociation of helices during the final collapse
of these semi-dilute helices. In the concen-
trated regime, stabilisation of alpha helices is
possible due to the excluded volume of their
neighbours. This phenomena is encapsulated
in the ‘induced rigidity effect’ [28], where he-
lices are stabilised to higher temperatures in
the nematic state (entropic stabilisation) i.e.,
fluctuations in the helices are inhibited by the
geometrical constraints of their neighbours. In
the crystalline state direct melting of the he-
lices into the coil state can occur as observed
with amylose crystallites (enthalpic stabilisa-
tion) [29]. Thus we see the importance of
considering the helical order parameter in re-
lation to two other order parameters [30].
Firstly there is the orientational order of the
helices which characterises the nematic phase
behaviour e.g., f=1/2(3 cos2 u−1)V and can
be measured by birefringence or microfocus
X-ray scattering [2], where u is the angle be-
tween the mesogen’s director and the average
orientational alignment of the mesogen
ensemble. Secondly there is the lamellar order
parameter which measures the tendency to
form periodic structures in one dimension.
For example we have r=r0(1+c cos(2pz/d)),

Debye–Waller factor (microstrains) will not
change much in this temperature range (typi-
cally the thermal expansion coefficient is of
the order of 2×10−4 K−1, which gives a
negligible contribution [24]), and it can be
concluded that the double helices are pulling
out of the crystallites producing either smaller
crystallites (a Debye–Scherrer crystallite size
term) or equally more distorted lamellae
(paracrystalline broadening). This is again in
agreement with a large scale transformation of
all the crystallites during gelatinisation as the
mosacity of the smectic crystallites increases
and helices are lost.

4. Discussion

It is proposed that upon separation of the
amylopectin double helices from their lamellar
crystallites, a true helix–coil transition occurs.
In their crystalline smectic packing [3,4], the
amylopectin side chains intertwined in the
double-helices strongly interact with not only
their helical duplex partners, but with neigh-
bouring chains in other helices. The dissocia-
tion of the double helices side by side is thus
necessary to allow the unwinding transition,
since it is otherwise geometrically impossible
in the strongly interacting lamellar environ-
ment. Thus we invoke our first order parame-
ter of the transitions involved during
gelatinisation, the helicity of the sample. This
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the amplitude of the first Fourier component
of a periodic density modulation, z is the
lamellar perpendicular, d is the lamellar pe-
riod, r0 is the average electron density and r
is the electron density. Here c, the order
parameter, is measurable by SAXS and a
rough approximation would be the peak
heights calculated in Fig. 6.

The analysis for the case of amylopectin is
slightly different to a normal Zimm–Bragg
theory of double helix coil transition, since
two of the ends of the polymers constituting
the helical duplex are connected together. In
such models this will only change the value of
the free energy for helix nucleation (make it
more likely) and not affect the cooperativity
or broadening of the transition as a function
of the length of the helix (n). It is predicted
for models of short chain double helical hair-
pins that the dissociation occurs from the
ends, and not the hair pin at the branch point
[20] (Fig. 8). Past the point of dissociation it is
hypothesised that the free ends of the amy-
lopectin helices mix up producing topological
constraints, discouraging the re-assembly of
the double helices. They can now re-associate
with parts of amylopectin molecules other
than their original helix duplex partner, form-
ing physical junctions (new double helices) Fig. 9. Differential scanning calorimetry profiles of potato

starch at various solvent fractions (a volume of 0.6 corre-
sponds to about 50%). The heating rate was 10 °C/min.
Adapted from Donovan [11].

Fig. 8. The helix–coil transition in amylopectin double he-
lices. Unwinding occurs from the loose ends, and not at the
hairpin due to entropic effects. Relative values of the helical
order parameter (h) are included, k is its value when the helix
is completely associated.

and creating more general amorphous hydro-
gen bonded associations. Possible rotation of
the helices as they unwind will be a kinetic
limiting step for the unwinding transition. The
ease of rotation of the links of the flexible
spacer attached to the amylopectin double
helix could thus affect the rate of gelatinisa-
tion, i.e., long spacers (A-type) encourage
rapid dissociation due to their increased flexi-
bility [31].

This model of helix–helix dissociation fol-
lowed by a helix–coil transition provides a
framework within which to understand the
water content dependent DSC traces of starch
gelatinisation, e.g., Fig. 9 for potato starch. In
excess water (\40% w/w) the difference be-
tween the DSC endotherms of the crystalline
smectic/nematic (smectic–isotropic with A-
type), and helix–coil transition are presumed
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to be immeasurably small (Fig. 5). In other
words the ultimate loss of the smectic crystals
is assumed to occur simultaneously with helix
dissociation. However it is well known that
upon decreasing the water content to 40%
w/w two endotherms are observed. We postu-
late that the first endothermic event is due
to the crystalline smectic–nematic phase
transition, and the second is the unwinding
transition of the helices (Fig. 10(i)). Decreas-
ing the amount of water still further a direct
glassy nematic to gel transition occurs as the
helices unwind. Inter-crystalline B to A phase
transitions can also occur at low water con-
tents which is a further complicating factor
[32].

The first DSC endotherm has been observed
to be sensitive to sample annealing in SAXS,
WAXS, and DSC experiments [33]. It is prob-
ably connected to the rearrangement of the
dislocations in the tilted lamellar structures
[3], permitting an improvement in overall or-
der. However the invariance of the second
endotherm to annealing behaviour is what is
expected for a helix–coil transition, since the
nature of the consistent helices (their length,
cohesive energy, etc.) is not changed by heat-
ing below their unwinding transition.

Elevation of the helix–coil transition tem-
perature as the water content is reduced could
be explained by invoking a larger value of DFs

(free energy change for the junction between a

Fig. 10. The two-stage process involved in the gelatinisation of starch in limiting water. Two different processes are shown for A
and B type starches. It is proposed that the intermediate phase is determined by the length of the amylopectin helices. Relative
values of the orientational (f), lamellar (c), and helical order parameter (h) are included. (i) In B-type starch the intermediate
phase is nematic in character, (ii) and in A-type starch the intermediate phase is isotropic in character.
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helix and coil state) in a Zimm–Bragg model
[19]. That is the helix state becomes more
favourable compared to the coil state at
higher temperatures. The second endotherm in
limiting water which is presumed to be associ-
ated with the helix–coil transition, is broader
in A-type (wheat) starches than with B-type
(potato) in agreement with Zimm–Bragg
models as regards to the length of the helix:
this is greater with B-type [19].

In limiting water it is postulated that the
temperature at which the unassociated helix–
coil transition of the amylopectin double he-
lices would take place (Thc) is greater than the
temperature for the dissociation of helices
side-by-side in their crystallites (Tss) i.e., Thc\
Tss. The balance between these two processes
is determined by the amount of available wa-
ter for plasticisation of the amorphous back-
bone, and spacers, and for the dissociation of
the double helices in to the coil state. In a
later paper we will discuss in more detail the
importance of plasticisation for organisation
of the smectic layers, and hence for the perfec-
tion of packing.

A two stage process for the changes experi-
enced by the lamellae in limiting water can
then be proposed. As the system is heated the
thermal energy eventually becomes sufficient
to break the inter-mesogen hydrogen (10–40
kJ mol−1) bonds [34] to increase the mobility
of the amylopectin double helices side-by-side.
Thus the SAXS peak is lost through a smectic
(f\0, c\0, h\0) to nematic/isotropic
phase change (f\0/=0, c=0, h\0 Fig. 10
(i,ii)). Adding yet further heat, the helices
unwind through their extremely cooperative
transition and birefringence of the granule is
lost (f=0, c=0, h=0). There are two DSC
endotherms [11], because the lamellar order
parameter (c) is lost in the crystalline smectic
to isotropic/nematic transition at lower tem-
peratures, and then the helix–coil transition
(h) occurs at higher temperatures. Zimm–
Bragg models predict that the broadening of
the thermodynamic transition is inversely pro-
portional to the double helix length [35]. This
is in qualitative agreement with DSC data in
which the second endotherm for A-type
starches (shorter helices) is seen to be broader
than that of B-type (longer helices) [11]. The

intermediate phase for A-type starch is desig-
nated isotropic, since it is not birefringent.
The longer amylopectin helices in B-type
starches stabilise an intermediate nematic
phase due to their increased aspect ratio com-
pared to A-type starches where the intermedi-
ate phase is isotropic.

It should be noted that lamellar swelling is
only possible once the smectic to nematic/
isotropic transition has occurred. Otherwise
the lamellar periodicity would need to change
which is not observed in Figs. 2 and 3. This
provides an explicit molecular mechanism for
the ‘swelling driven processes’ alluded to by
previous authors in the field [1,14,16].

In excess water the temperature at which an
unassociated helix to coil transition would
take place (Thc) and the temperature for disso-
ciation of helices side-by-side in their crystal-
lites (Tss) are either similar or the helix-to-coil
transition is lower i.e., Thc5Tss. There are
thus two subtly different scenarios I and II:
1. ThcBTss. The amylopectin double helices

can only unwind if they are dissociated
from their crystallites (Fig. 5). Therefore
even if Thc is lower than Tss before the
transition temperature the double helices
will be prohibited from realising their own
localised free energy minima. Hence as the
temperature is increased an endotherm oc-
curs only as the helices dissociate side-by-
side (slow), and the helix coil transition
happens as an immediate consequence of
this step (fast). The endotherms therefore
merge together.

2. Thc:Tss. Here it is postulated that a simi-
lar process occurs as with limiting water
(Fig. 10). There is a smectic–nematic/
isotropic transition followed by the helix
unwinding transition.

In reality both of the two processes I and II
could be in effect. Although with A type
starches we can deduce that I) is the predomi-
nant process, because the DSC peak en-
dotherm occurs at the point of complete loss
of helical ordering (Fig. 1(a,b)). With B-type
starches the DSC endotherm (Fig. 1(c)) occurs
well before the final loss of helices showing an
increased contribution of process II). The De
Gennes–Pincus [28] induced rigidity effect
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Fig. 11. The single stage process involved in the gelatinisation
of starch at low water contents. The transition shown is for
B-type starch and it transforms from the glassy nematic to the
amorphous state. Relative values of the orientational (f),
lamellar (c), and helical order parameter (h) are included.
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may well be contributing to helical stability in
the B-type case, during a broad intermediate
nematic phase.

With B-type/A-type starch the sample is
initially in the glassy nematic/crystalline state,
respectively, at room temperature. A direct
helix to coil phase change occurs with both
sample types at elevated temperatures (Fig.
11). The mobility of the backbone and spacers
is not sufficient to stabilise a mobile nematic
phase, and only a single endotherm occurs in
the DSC trace [11].
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