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ABSTRACT: We compare and contrast the soft lamellar material properties of starch with those of a
canonical multilayered microemulsion via the modeling of experimentally observed small-angle X-ray
scattering (SAXS) patterns. Consequently, and by using a well-known lamellar microemulsion system as
a valuable point of reference, model analysis of the SAXS data enables us to quantitatively characterize
the lamellar structure of starch for the first time. We argue that this work provides strong evidence for
viewing the lamellar structure of starch as a smectic side-chain liquid-crystalline polymer. Pursuing this
approach, we are able to shed light on many of the interesting lamellar features of starch found in this
work, over and above those found in more familiar smectic systems. We also address, and draw attention
to, the possible use of valuable lessons gained from this work in the design and synthesis of novel soft
lamellar materials.

Introduction

Soft materials are often characterized by some limited
or intermediate degree of ordering in their concomitant
self-assembly. Perhaps the most familiar examples of
this kind of self-organizing behavior are to be found in
lamellar systems, such as canonical smectic liquid
crystals1-4 and amphiphilic membrane multilayers.5-8

Similar lamellar morphologies are also ubiquitous within
the context of side-chain liquid-crystalline polymers.9-14

Considerations of assembly in lamellar materials are
often governed by the combined effects of packing
constraints, connectivity, and mobility of their constitu-
ent units (consistent with filling a space). For example,
in amphiphilic membrane systems (held together by
hydrophobic/hydrophilic interactions), the geometry of
the underlying surfactant units is crucial in determining
which of a number of equilibrium macroscopic struc-
tures is assumed1,5 (see Figure 1). Furthermore, in side-
chain liquid-crystalline polymers,2,9-14 the combination
of connectivity (of the backbone) with that of flexibility
(of the spacers) and rigidity (of the mesogens) leads to
typically smectic supramolecular assemblies.9-14 Such
lamellar assembly considerations, familiar from soft
condensed matter, also arise in the living world15 and
have recently found new relevance within the biological
context of the lamellar morphology of starch,16-19 the
topic of this paper.

Starch is made up of glucose polymers and is of huge
importance since it forms the major component of most
of our staple foods. The structure of starch granules is
now understood16-25 to be organized on many different
length scales (see Figure 2). Amylopectin molecules
(branched polymers of glucose units ∼0.1 nm) arrange
themselves into alternating lamellae (∼10 nm) of rigid,
double-helical (mesogenic) units and more flexible,
unbranched (spacer) units. These spacer units are also
connected to long, flexible linear backbones of amylo-
pectin (see Figure 3). This gives starch the fascinating
structure of a naturally occurring side-chain liquid-
crystalline polymer (SCLCP).17-19 A finite number of
these lamellae form discrete growth rings16-25 on the

scale of ∼0.1 µm, up to the whole granule morphology
at 1-100 µm.

Starch granules can be further broadly classified as
consisting of one of two crystal types called A and B
(depending on the local, fine scale crystalline structure
at lengths e1 nm), which appears to correlate with the
total side-chain length.17-19,26-28 This correlation sug-
gests that B-type starches tend to possess shorter
flexible spacers, whereas A-type starches tend to have
longer spacer units.26,28

Pursuing the SCLCP theme, previous work17-19 put
forward the qualitative idea that given enough freedom
(via longer or more flexible spacers), the lamellae in
starch ought to arrange themselves into a flat layered
structure, with the rigid amylopectin mesogen units

Figure 1. Schematic diagram of model microemulsion pack-
ing and lamellar structure.
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being well-aligned, corresponding roughly to smectic
ordering. If this is no longer possible (due to shorter or
less flexible spacers), then the lamellae ought to display
much greater layer bend and curvature (see Figure
3),17-19,27 corresponding roughly to nematic ordering.

In this article we will quantitatively view the lamellar
structure of starch, as arising from its smectic side-chain
liquid-crystalline polymer (SSCLCP) properties. In pur-
suing this approach, we can draw on a great deal of
experimental and theoretical work9-11 on SCLCPs,
where it is indeed found12-14 that SCLCPs are more
frequently found smectic than nematic. The reason for
this is straightforward and is due to the antagonistic
behavior between aligned, rigid mesogenic groups and
the polymer backbone.12-14 Following on from this, one
emphasis of the work to be presented here is that
increasing the length of the flexible spacer units (par-
ticularly across starch cultivars) leads to a reduction in
the coupling of the mesogenic units to the backbone,
allowing for far easier formation of smectic layers.17-19,27

Furthermore, it is typically found in SCLCPs that the
glass transition temperature decreases with increasing
spacer length,17-19 with shorter spacers leading to
nematic phases and longer spacers leading to smectic
phases.

The purpose of the work presented here is to give a
quantitative model comparison, and accurate charac-
terization, of the experimentally observed lamellar
structure of starch, viewed as a SSCLCP. To highlight
and corroborate its interesting lamellar properties, we
further compare and contrast the determined smectic
structure of starch with that of a representative and
much studied amphiphilic multilamellar system5,6 via
the modeling of experimentally obtained SAXS patterns.

Structure, Scattering, and Correlations of Lamel-
lar Materials. We now recap some of the more salient
features of lamellar systems relevant to this work,
namely the relationship between their structure and
scattering properties. It has long been recognized in
(thermotropic) smectic liquid crystal1-4 and (lyotropic)
surfactant membrane29-33 systems that layer bending
fluctuations destroy ideal one-dimensional long-range
periodic order.1,2 Both of these systems share the same
symmetry class in their structures, which must there-
fore be necessarily reflected in the universality of the
correlations they exhibit.1,2,5 The absence of long-range
order (LRO) in such systems (replaced by what is known
as1 quasi-long-range order (QLRO)) is indeed most
easily observed in scattering experiments, with the
appearance of characteristic quasi-Bragg-shaped
peaks1-8,29-33 due to layer curvature fluctuations. The
absence of long-range order in canonical smectic and
membrane systems implies that the mean-square fluc-
tuation in the layer separation diverges logarithmically
with the number of layers and that the tails of the
scattering peak decay according to characteristic power
law line-shaped behavior.31-33 On the other hand,
systems characterized by long-range order possess
mean-square fluctuations in the layer separation that
diverge linearly with the number of layers, and the
scattering peaks display characteristic Gaussian line-
shaped behavior.31-33

Generally, lamellar systems can undergo two distinct
and competing types of fluctuations: those given by
layer compression and those given by layer bending. In
the limit of very small layer curvature (and therefore
very large intralamellar correlation length), the layers
become increasingly flatter and smoother. The lamellar

Figure 2. Schematic diagram of starch granule lamellar structure.

Figure 3. Lamellar structure of a smectic side-chain liquid-
crystalline polymer, including a schematic diagram of flexible
spacer and rigid mesogen units (a) out of register and (b) in
register.
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fluctuations are then entirely governed by compres-
sion alone (with negligible layer bending) producing
Gaussian-like Bragg peaks characteristic of long-range
order. This scattering signature is in contrast to the
power-law-like Bragg peak signature, characteristic of
quasi-long-range order, produced as a result of larger
layer curvature fluctuations, expected to be present in
typical smectic or lamellar scattering patterns.1-8

Model. Modeling of the general lamellar structure of
the surfactant-based system and starch samples, stud-
ied in this work, was carried out using the following
well-known30-33 free energy, familiar from canonical
smectic liquid crystal2-4 and amphiphilic membrane5-8

systems:

The terms involving the moduli BR and Bâ represent the
compressive fluctuations (along the z-axis, normal to
layers) which try to maintain the ideal layer spacing
between consecutive layers. The terms involving the
moduli KR and Kâ represent the layer curvature fluctua-
tions allowing for individual layer bending. The vari-
ables un

R and un
â in eq 1 describe fluctuations away from

the ideal lamellar structure of flat, precisely spaced
layers, in which we parametrize our multilayer stack
by introducing the following coordinate displacements
along the z-axis, Zn

R and Zn
â (with origin Z0), as follows

(see Figure 4):

Here, φ is the fraction of each layer of one component
relative to the other component (e.g., mesogen/spacer
for starch and oil/water for a microemulsion), and d is
the lamellar spacing. The indices R and â are required
to keep track of the alternating subregions within one
layer repeat distance of our lamellae, given by the
mesogen and spacer lamellar components for starch or
the oil and water components for the amphiphilic case.

Using the above coordinates, we can write our elec-
tron density F for N layers as

where U(z) is the unit step function, and ∆F - ∆Fu and
∆Fu refer respectively to the electron densities of the
mesogen and spacer regions for starch or the oil and

water regions for the amphiphilic case (see Figure 4).
Relative electron densities are normalized with respect
to a background electron density Fu (see Figure 4).
Utilizing the Fourier transform, F*(q), the structure
factor is given by S(q) ) F*(q)F(q), with the averaged
structure factor 〈S(q)〉 obtained by taking into account
all un

R and un
â correlations.

By way of an example, we quote here the calculation
of a typical correlation average 〈(un

R - um
R )2〉 (where the

indices n and m refer to the nth and mth layers of a
stack along the z-axis).27-33

All other correlation functions can be similarly obtained
straightforwardly via an analogous analysis.27-33 In the
above, we have defined λ through the expression λ2 )
(BR + Bâ)(KR + Kâ)/BRBâ and have introduced the well-
known de Gennes-Taupin length34 for fluctuating
surfaces, ê, as the length scale up to which the layer
normal vectors remain correlated.

For ease and clarity of presentation in what follows,
we choose to make the following convenient definitions
of the parameters in our model of general lamellar
deformations:

The parameter â gives a measure of layer compression
fluctuations, while ε and δ give a measure of layer bend
and layer splay fluctuations, respectively. Furthermore,
â governs the width of the compressional Gaussian layer
separation distribution, while ε governs the deviation
of individual lamellar scattering behavior away from
purely Gaussian behavior (as predicted by the compres-
sional fluctuations alone). The parameter δ controls the
deviation of lamellar normal alignment away from the
preferred direction along the z-axis.

From the above expression for 〈(un
R - um

R )2〉 we can
see that typically our structure factor splits into two
contributions and can therefore be factorized into
longitudinal 〈S|(q)〉 (parallel to the z-axis, |, involving
|n - m| alone) and transverse 〈S⊥(q)〉 (perpendicular to
the z-axis, ⊥, involving |r - r′| alone) components.27 In
this way we are able to write for the total scattering:
〈S(q)〉 ) 〈S|(q)〉〈S⊥(q)〉.

The 〈S⊥(q)〉 contribution serves in giving rise to an
angular distribution function P(ϑ), where ϑ is the angle
between the layer normal vector and the longitudinal z
axis:

Figure 4. Schematic diagram of scattering electron density
profiles for the starch and microemulsion systems studied.
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with δ as given above, and the constant C is chosen such
that ∫0

πdϑ sin θP(ϑ) ) 1. Thus, our final expression for
the structure factor 〈S(q)〉 requires an average over all
layer normal orientations ϑ using the distribution
function P(ϑ) as follows:

where 1/4πq2 is the usual Lorentz factor.35

Experimental Methods

Slurries of the different starch species in water were
prepared in cells with a typical concentration of 45 wt % starch.
At this concentration there was sufficient starch to prevent
the suspension sinking within the cell. Scattering experiments
were performed at the Synchrotron Radiation Source at
Daresbury on beamlines 8.2 and 2.1. The high-intensity beam
was collimated with slits and focused on a quadrant detector.
The data were normalized, divided by the detector response,
and the background scattering (as recorded by a blank sample
cell) was subtracted. Changes (further details can be found in
refs 16-21) in scattering due to beam damage of the sample
were negligible for these experiments. The starches used, waxy
maize and potato, were obtained as gifts from National Starch
& Chemical Co.

The X-ray scattering data for the model multilayer used in
this work were taken with kind permission from ref 6. The
microemulsion consisted of the quaternary mixture of sodium
dodecyl sulfate (SDS, the surfactant), pentanol (cosurfactant),
water, and dodecane. The lamellar phase was made up of
water embedded in oil with surfactant at the interface, and
there were no electrostatic interactions between layers. In ref
6, SAXS patterns were obtained under various dodecane
dilutions, but we choose to quote only the data of the particular
case of 54 wt % dodecane, which was most suited for purposes
of comparison to our analagous starch SAXS patterns. The
mixtures used in ref 6 were contained in sealed quartz
capillaries, with diameters of 1 and 2 mm, which yielded
randomly oriented lamellar domains (powder averaged). For
further details we refer the reader to ref 6.

Results

We now compare and contrast the scattering results
obtained for our lamellar samples, as shown in Figures
5-7. Fitting of the model parameters to the experimen-
tal data was most easily carried out by eye, with the
previous work of refs 16-19 and 27 serving as a useful
consistency check. It might be noted here, in passing,
that we have chosen for convenience not to display our
results in a log-log format, since the range of wave
vectors over which, for example, straight-line behavior

might feasibly exist is too limited. Besides, all the
lamellar samples studied here have also undergone
powder averaging, making the reliable extraction of any
possible and clean power-law exponents in the observed
scattering somewhat problematic.

From Table 1 waxy maize can be seen to be (see also
eq 5) the most compressible (higher â, lower compress-
ibility modulus B) of the samples studied, while potato
is the most incompressible (lower â, higher compress-
ibility modulus B), with the microemulsion somewhere
in between. This implies that the purely compressional
fluctuations in our model microemulsion system are
somewhat intermediate between those of waxy maize
and potato.

Furthermore, we can see from Table 1 that our model
microemulsion possesses the highest values of ε (bend)
and δ (splay) of the samples studied, while waxy maize
is characterized by the lowest values of bend (ε) and
splay (δ), with potato somewhere in between. This
implies that our model microemulsion has the largest
average layer curvature of all the samples studied and
waxy maize the lowest curvature, with potato midway
between. This also implies that the lamellae in waxy
maize are the most well-aligned along the layer normal,
with the microemulsion the least well-aligned and
potato somewhere in between.

Figure 5. Plot of experimental data (open circles) vs model
prediction (solid line) for waxy maize.

〈S(q)〉 ) 1
4πq2∫0

π
dϑ sin ϑP(ϑ)〈S|(q cos ϑ)〉 (7)

Figure 6. Plot of experimental data (open circles) vs model
prediction (solid line) for potato.

Figure 7. Plot of experimental data (open circles) vs model
prediction (solid line) for a model microemulsion (experimental
data points taken from ref 6).

Table 1. Model Parameters Used To Fit the Experimental
Data

â d (nm) φ N ∆F ∆Fu ε δ

waxy maize 0.38 8.8 0.65 16 1 0.50 0.01 0.01
potato 0.23 10.0 0.73 20 1 0.80 0.40 0.24
microemulsion 0.28 12.1 0.87 100 1 0.01 0.80 0.30
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The value of φ for the amphiphilic material gives the
ratio of the width of the oil layer to the overall width of
the oil and water layer repeat distance, so that we can
see that the microemulsion layers consist predominantly
of oil. The φ values for the starches studied correspond
to the relative lengths of the rigid mesogen and the
flexible spacer units. From Table 1 we can infer (in
tandem with refs 17, 27, 28, and 36) that waxy maize
possesses far longer flexible spacer units than potato.
The importance and significance of this singular experi-
mental fact will become apparent when, in the following
sections, we consider its crucial consequences for the
lamellar properties of our studied starches.

The layer spacing d in Table 1 shows some variation
between waxy maize and potato. In general, a larger
value of δ requires a larger “bare” d value as input into
the model, since after allowing for splay fluctuations,
governed by δ, the “effective” d actually projected along
the z-axis is somewhat less than the initial “bare” d
value. Simple trigonometry gives us roughly 〈deff〉 ≈
dbare(1 - δ/4). This explains why the d value in Table 1
can be higher for potato than that for waxy maize, even
though the underlying layer repeat distance may be very
similar.

There exists a considerable variation in the values of
∆Fu required for fitting waxy maize and potato starches.
Consideration of the ∆Fu values obtained for our samples
is problematic, since it is an extremely complicated
question as to how the electron density distributions
arise in native starches; they are likely to depend on
such variables as the amount of water present, A or B
crystal type, etc. This was true in all previous work
also.16-19,27 The ∆Fu value for our amphiphilic system
can be seen to be negligible from Table 1; however, given
the very high value of N for this material, the fit to the
experimental data is relatively insensitive to the value
of ∆Fu used. We have set ∆F ) 1 throughout this work,
which merely reflects an overall normalization choice
for our relative scattering intensities.

The fits from Table 1 are fairly insensitive to the
number of layers N, with our model microemulsion
possessing a far greater number of lamellae than the
starches studied. Such a large N mainly serves to
slightly alter the low-q behavior of the SAXS pattern,
to the far left of the main peak. Besides, theory35

consistently predicts a strong 1/q2 dependence for the
multilamellar scattering intensity at low q. This behav-
ior is indeed observed experimentally for all our samples.

We can also observe immediately from Figures 5-7
notable qualitative differences in the line shapes of the
(powder-averaged) experimentally observed scattering
patterns across the samples studied. Crudely (yet ac-
curately) put, waxy maize can be seen to exhibit the
most rounded experimentally observed scattering maxi-
mum of all, while the microemulsion displays the
sharpest (or most cusplike) experimentally observed
scattering peak, with potato somewhere in between.

The above qualitative considerations, along with the
experimental evidence supplied by Table 1, are wholly
consistent with the following picture.1,2,5,9,10 On one
hand, our microemulsion is dominated by curvature
fluctuations, leading to a more power-law-like (albeit
powder-averaged) shape in its scattering peak.31-33 On
the other hand, waxy maize is dominated by compres-
sional fluctuations, leading to a more Gaussian-like
shape in its scattering peak,31-33,35 with potato lying
somewhere between these two extremes. Clearly disor-

der will always tend to broaden any scattering peaks.
What is perhaps most interesting here is the difference
in the underlying source of disorder present across the
samples studied, underscoring the essentially competing
effects of curvature and compression.

Discussion

We have studied the lamellar structure of starch
granules and a surfactant-based system, via experimen-
tally observed small-angle X-ray scattering patterns,
using a model description that has enjoyed enormous
success in analogous fluctuating lamellar contexts, such
as those found in membrane5-8,29-33 and smectic liquid
crystal systems.1-4 By careful qualitative and quantita-
tive analysis of the observed scattering behavior (using
the model outlined above), we can now characterize
effectively the lamellar structure of the starches studied,
with reference to that of a well-known, canonical surf-
actant-based multilayered system.6

Comparing and contrasting the results obtained above
for the starches used and our model microemulsion,6
several interesting features emerge. For relatively flat
layers (as typified by waxy maize) we see broadened,
Gaussian-Bragg peaks dominated by compressional
fluctuations alone.31,32 In the presence of dominant
transverse layer fluctuations (as typified by the
microemulsion), we get quasi-Bragg peaks, described by
well-known power-law-like behavior (albeit powder-
averaged).1-8,31-33 Potato, on the other hand, can be
observed to possess a lamellar structure somewhere in
between these two extremes and is neither dominated
exclusively by layer compression or layer curvature
fluctuations.

The work presented here, supported by refs 27 and
28, indicates that starch can be broadly classified into
compression or bend/splay dominated categories de-
pending on the length and flexibility of the spacer
units.17-19,26-28 The longer (or less constrained) the
flexible spacers, the more easily the mesogens can align
and therefore reduce their layer bending while allowing
more compressibility. The shorter or less plastic the
flexible spacer, the more easily the mesogens can be
pulled out of register with one another, leading to more
pronounced layer bending and a higher incompress-
ibility. Much characterization work26-28,36 that has been
carried out points to the existence of distinct variations
in the lengths of the flexible spacer units across starch
species. Indeed, the overwhelming conclusion drawn
from the work of refs 26-28 and 36 was that the spacer
units in potato starch tended to be significantly shorter
than those of waxy maize. In this work, supported by
refs 26-28, we indeed find that longer spacer length
correlates with the presence of flatter layers and that
shorter spacer length (or the complete absence of
spacers, as in our model microemulsion) correlates with
the presence of layer curvature.

The resulting structure of potato starch can therefore
be seen, using the model presented above, to suffer far
more substantial distortions due to layer curvature than
waxy maize but less than those of the microemulsion.
This implies that the rigid mesogen units (i.e., amylo-
pectin double helices) in potato starch are pulled out of
register to a far higher degree than is the case for waxy
maize, leading to a higher layer curvature (see Figure
3), though not as high a curvature as found in the
microemulsion. Further evidence supporting the con-
trasting organization of potato starch granules, com-
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pared with that of other species of starch granules, can
be found in the experimental observations recently
reported in refs 26-28 and 36-38.

The overall implication for starch granule structure27

(and similar lamellar materials) is that, given enough
freedom (via longer or more flexible spacers), the lamel-
lae tend to arrange themselves into a well-aligned, flat-
layered structure (although lateral discontinuities, as
suggested by some microscopic evidence,20 cannot be
ruled out in the case of starch). If this is no longer
possible (due to shorter or less flexible spacers), then
initially the layers will tend to bend slightly, giving rise
to weak lamellar splay distortions. Finally, when the
layers have reached the maximum amount of splay
distortion that they can tolerate, then the lamellae
become much more “crumpled” with much greater layer
bend and curvature (see Figure 3).

An intuitive explanation of the lamellar structure in
our starch-water systems, compared to our microemul-
sion system, can be forged due to the smectic side-chain
liquid-crystalline polymer properties of starch. The rigid,
mesogenic amylopectin units are attached to an amor-
phous backbone via flexible spacers. When the flexible
spacers are mobile enough (via longer length,27,28 suf-
ficient hydration or solvent,17-19 or sufficient tempera-
ture36), the mesogenic units are able to arrange them-
selves side-by-side to form a smectic-type structure.
Indeed, if the degree of mobility and entropy of the
flexible spacers is sufficiently reduced, then it is found
that the 9 nm peak observed in starch scattering
disappears,36 along with an associated endothermic DSC
transition.36 Also, it was found in refs 17-19 that the
lamellar organization under plasticization of potato
starch can take up to 5 times as long as waxy maize
starch upon storage at room temperature. So, upon
increasing the mobility of the flexible spacer units (and
therefore adequately decoupling the mesogenic units
from the amorphous backbone), starch can be seen to
be able to self-assemble into an ordered smectic-like
lamellar system. The resulting lamellar structure is
strongly dependent on the starch cultivar, whose char-
acteristics can now be quantitatively characterized for
the first time using the completely general model
outlined in this work.

Similar assembly considerations are well-known in
other lamellar systems. For example, in amphiphilic
systems (held together by hydrophobic/hydrophilic in-
teractions), the geometry of the underlying surfactant
units is crucial in determining which of a number of
equilibrium macroscopic structures is assumed.1,5 Also
in side-chain liquid-crystalline polymers,1,2,9-14 the com-
bination of connectivity with that of flexibility (of the
spacers) and rigidity (of the mesogens) leads to supra-
molecular assemblies qualitatively different from those
of canonical smectic systems, where such connectivity
constraints are absent.1,2,5 Arising out of the work
presented here, and within its associated biological
setting, analogous considerations can now be seen to be
highly relevant insofar as starch as a soft material is
concerned.

What seems to be crucial in distinguishing the precise
type of lamellar structure present in starch, or lamellar
systems, that arises from this work, is the value of the
coarse-grained, effective bending modulus.27,34 This
value of the bending modulus arises as a direct conse-
quence of the structure and molecular packing involved
in a particular material. Perhaps more tellingly is the

exponential dependence of the correlation length ê on
the bending modulus. The well-known de Gennes-
Taupin length34 for fluctuating surfaces, ê, is defined
as the length scale up to which the layer normal vectors
remain correlated. The correlation length ê can typically
be written as27,34 ê ) beπK/kBT (with a short distance
cutoff b). Note how extremely sensitively the correlation
length depends on the layer bending modulus K. Given
this exponential dependence of the correlation length
on the layer bending modulus, we can see that in the
ideal flat limit K f ∞ we must consistently take the
correlation length to be very large also, which implies
ê f ∞.27,34

Given such an exquisitely sensitive dependence of
local layer flatness on the coarse-grained stiffness
modulus (itself given by the fine-grained molecular
structure), perhaps it is not surprising that such inter-
mediate, lamellar behavior is observed27 for starch
granules, as shown in this work. Indeed, lessons learned
from the lamellar structure of starch could well prove
insightful in the novel design and synthesis of just such
specifically intermediate, multilayered materials. Typi-
cally, lamellar material properties are experimentally
probed and manipulated by directly altering the under-
lying spontaneous curvature of the layers and not by
directly altering the bending modulus itself. Given what
we have learned from the supramolecular assembly of
starch in this work, and its effect on the coarse-grained
bending modulus, K, novel materials designed along
similar morphological lines as starch could well prove
to be our best chance of exploring, manipulating, and
exploiting this K dependence in the design of new
materials.

Conclusion

In this work we have presented the soft matter,
lamellar properties of starch and compared it with a
model multilayered microemulsion system. We have
learned how to characterize and quantify the degree of
layer bending in soft lamellar materials, and how this
behavior in starch can be correlated with flexible spacer
length, supporting the conclusion that starch can be
viewed successfully and usefully as a SSCLCP.

Given the above considerations, we can see that
starch granules, in comparison with model microemul-
sions, are able to arrange themselves into a structure
intermediate between that of an ideal, flat lamellar
system and that associated with a canonical smectic
system. The extent of this interesting material property
of starch is species-dependent and results as a direct
consequence of the combined effects of packing con-
straints, connectivity, and mobility of its constituent
units (consistent with filling space and the material
being laid down sequentially in time). Thus, it can be
seen that the supramolecular packing present in starch
granules is able to confer subtly different properties on
its lamellar structure, over and above those found in
canonical smectic materials, typified by our model
microemulsion.

Allied to the above main point of this work, and worth
emphasizing, is that the ideal, flat limit is never seen
in the much studied, canonical lamellar systems, such
as fluid membranes,5-8,26-33 smectic liquid crystals,1-4

and, as exemplified in this work, surfactant-based
systems.5,6 These systems are intrinsically characterized
by the complete absence of long-range order and are
dominated by transverse layer fluctuations. Starch, on

Macromolecules, Vol. 37, No. 4, 2004 Lamellar Properties of Starch 1317



the other hand, can be seen to be able to arrange itself
in such a way that its lamellar structure lies somewhere
between that characterized by the presence of long-
range order and the total absence of long-range order.
This insight leads one to suspect that a broad wealth of
such intermediate structural properties may indeed be
lurking in similar lamellar materials.

Finally, we would like to emphasize the fascinating
lamellar properties of starch as a biologically rele-
vant form of self-assembling soft matter, viewed as a
SSCLCP. Indeed, this work was partly motivated by a
strong desire to introduce starch to the wider soft matter
community. Valuable insights gleaned from the struc-
ture of starch could well prove to be extremely useful
in the design and synthesis of new and novel lamellar
materials with interesting properties. Furthermore,
genetic engineering is rapidly making possible designer
starches, for which the quantitative model presented in
this work will prove invaluable in describing, character-
izing, and understanding their lamellar (and hence
processing) properties.
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