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Abstract: Mixed molecular species of cardanyl glucoside derived from renewable
resources provide nanotubes upon self-assembly in water, while the saturated
homologue generated a twisted fibrous morphology. The cardanyl glucoside mixture
was fractionated into four individual components in order to study their contribution
to the nanotube formation. The rational control of self-assembled helical morphol-
ogies was achieved by binary self-assembling of the saturated and monoene
derivatives. This method can generate a diversity of self-assembled high-axial-ratio
nanostructures (HARNs), ranging from twisted ribbons and helical ribbons to
nanotubes.
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Introduction

Currently, there is tremendous interest in high-axial-ratio
nanostructures (HARNs) formed by the hierarchical self-
assembly of amphiphilic molecules into helical ribbons and
nanotubes.[1] The need for improved miniaturisation and
device performance in the microchip and microelectronics
industry has inspired many investigations into supramolecular
chemistry. It is conceivable that the ™bottom-up∫[2] HARN-
fabrication approaches based on supramolecular chemistry
will provide a solution to the anticipated size limitations of
™top-down∫ approaches, such as photolithography,[3] thereby
providing the means to fabricate ultra-small electronic
components. However, the discovery of such materials
remains a time consuming and rather unpredictable trial
and error process. Hence there is a need for a more efficient
and systematic approach for the generation of novel HARN
libraries by using existing lead molecules with appropriate
mixing and self-assembly methods.

Combinatorial synthesis and screening of very large num-
bers of organic compounds has been widely applied in the
pharmaceutical industry for drug discovery.[4] Recently, com-
binatorial arrays of inorganic materials with known or
potential applications have been synthesised and screened.[5]

Also there are efforts to design catalysts,[6] functional
polymers,[7] synthetic molecular receptors[8] and other new
materials by using the combinatorial approach.[9] Despite the
utility of combinatorial chemistry for the efficient investiga-
tion of systems that involve numerous interrelated variables,
the application of such strategies to controlling the HARN
structures remains underexplored. The discovery and devel-
opment of new compositions and compounds for tuned
morphologies is of great importance for the development of
new molecular architectures, like lipid nanotubes, twisted and
helical ribbons, which may have potential applications in
health care, proteomics and templates for sub-microchip, sub-
�-TAS applications. We have reported so far the preparation
of various HARNs, including helical fibres and microtubes,
through molecular self-assembly.[1h, 10] Recently we found the
facile synthesis of lipid nanotubes through the self-assembly
of glycolipids[11] derived from cardanol[12] (a renewable
resource and a mixture of four components). The morphology
of tubules must be rationally optimised for each application.
Therefore it is important to understand the role the various
constituent molecules play in the formation of these struc-
tures, and thus we successfully fractionated each component
of the mixture. Here we describe a simple combinatorial
approach for synthesising and characterising new helical
HARN structures by mixing compounds 1 and 2 for optimal
properties. Though there have been efforts to control the
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morphology of self-assembled microstructures[13] by concen-
tration change and the solvent polarity of the system,[14] the
approach of varying the composition of two lead molecules of
definite morphology to form a desired structure is new.
Our application of bottom-up construction of HARN

structures by hierarchical self-assembly of small molecules
in water, exemplified by the cardanyl glucoside components
discussed here, involves the following steps: miscible mixing
and self-assembly of the compounds, screening of the self-
assembled structures by microscopic and other methods.
Initially an 11-membered library was derived from the
compounds 1 and 2 by mixing and further self-assembly in
water. Once a suitable composition has been identified that
demonstrates the desired activity (morphology), efforts can
then turn towards optimising the conditions and system to
yield the desired selectivity. This two-tired development
strategy can offer distinct advantages in the discovery and
identification of new compositions for the generation of
controlled helical HARN structures of solid bilayers including
tubular structures.

Results and Discussion

The gram-scale separation of cardanyl glucoside into its
individual components was achieved with medium-pressure
ODS (octadecylsilyl 50 ��) column chromatography. The
triene fraction separated first, and subsequently diene,
monoene and saturated components were eluted by using
methanol/10% aqueous acetic acid. Each fractionated com-
ponent was tested by using NMR spectroscopy and other
analytical methods for its purity and structure determination.
The thermal behaviour of the diene and triene in the fully
hydrated form display a gel-to-liquid crystalline phase tran-
sition at 17.0 �C and �25.0 �C, respectively; this suggests that
the diene and triene glucosides are in a fluid state at room
temperature. Therefore, evidently the self-assembly of those
structures into solid fibrous materials at room temperature is
ruled out. Thus we assume that the saturated and monoene
components play the major role in the nanotube formation
mechanism of cardanyl glucoside. We identified them as lead
molecules 1 and 2 for further mixing and binary self-assembly
processes for desired compositions (Scheme 1). The com-
pounds 1 and 2 were mixed in many proportions ranging from
0 to 100% as depicted in (Figure 1). Self-assembly of the pure
components as well as the mixture of glycolipids was carried
out in water at boiling temperature and cooled to room
temperature under ambient conditions.

Morphology analysis : The morphological information on the
self-assembled helical HARNs was obtained by field-emission
scanning electron microscopy without the need for metal
coating. The self-assembled structures of both pure and mixed
lipids were used for the microscopy. The pure saturated
analogue 1 showed a twisted fibrous morphology in FE-SEM
with an unstained sample (Figure 2a). In contrast, on self-
assembly in water, the pure monoene component 1 resulted in
nanotube formation including partly tightly coiled nanofibres.
The tightly coiled fibres might be the precursor for nanotube
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Scheme 1. Fractionated components from cardanyl glucoside.

Figure 1. Library of compositions by mixing and binary self-assembly of
lead molecules 1 (saturated, left) and 2 (monoene, right).

formation as in Figure 2g. Self-assembly of mixed lipids
generated a library of nine diverse sets of compositions and
was analysed by FE-SEM. Typically the 90:10 (saturated/
monoene) mixture self-assembled to form twisted ribbons in
water, as shown in Figure 2b; this might be expected for the
10% doping of the monoene component. The 80:20 compo-
sitions also showed twisted-ribbon morphology on FE-SEM
analysis (Figure 2c). No remarkable effect on the twisted
morphology was observed by doping of the monoene
component by upto 30 ± 40%. On the other hand, an
equimolar (50:50) composition gave a loosely coiled ribbon
morphology, in between the twisted and tight helical coil
(Figure 2d). On increasing the monoene content in these
libraries, the helical pitch decreases to give tubular morphol-
ogies characterised by a definite hollow cylinder with helical
markings (Figure 2e, f) in comparison with the nanotubes
obtained from pure monoene (Figure 2g) and from cardanyl
glucoside (Figure 2h), which had smooth surfaces. A sche-
matic illustration of the various helical morphologies descri-
bed above is depicted in Figure 3 for comparison and clarity.
The samples were aged under ambient conditions for
150 days, and the morphology changes were studied by
energy-filtering transmission electron microscopy (EF-
TEM). The TEM micrographs showed without any doubt
that the morphologies remain intact after the ageing of the
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Figure 3. Schematic representations of the morphologies of helical solid
bilayers in HARNs: a) twisted ribbon, b) loosely coiled ribbon, c) tightly
coiled ribbon, d) tubule with helical marking, e) tubule without helical
marking.

samples (Figure 4) and are very similar to the morphologies
obtained by FE-SEM immediately after the preparation of
the sample (within 2 days). It seems to be significant that one
could regulate the morphology of HARNs by appropriate
mixing and self-assembly of existing lead molecules.

CD studies : The microscopic
chiral packing features of mol-
ecules can be studied through
circular dichroism (CD) spec-
troscopy. CD is often used to
characterise the chiral optical
properties of molecules in sol-
ution. However, when mole-
cules form chiral aggregates,
nonchiral molecular absorption
peaks can become chirally ac-
tive, with differential absorp-
tion of left- and right-handed
circularly polarised light.
Hence, CD peaks can indicate
a chiral structure of the aggre-
gates rather than of the individ-
ual molecules. The circular di-
chroism of the saturated and
the monoene lipid helical rib-
bons has been studied in water.
Figure 5 shows the CD spectra
of the monoene fraction in
comparison with the saturated
compound in a self-assembled
state at 25 �C. The experiments
showed that the nanotubes/
coiled helical ribbons have a
relatively high CD signal, de-
pending on the concentration of
the assemblies; the CD inten-
sity is at least 200 times higher
than that of the saturated
analogue self-assembling into
twisted fibres. When the solu-
tion is heated to a temperature
above the corresponding gel-to-
liquid-crystal phase transition,
the CD signal gradually drops
to zero as the tubules transform
into spherical vesicles at each

phase-transition temperature (Figure 5B). The disappearance
of the CD peaks at temperatures above the phase transition
demonstrates that the recorded CD signal is the result of
supramolecular chirality.[15] The UV spectrum of monomer
self-assembly in water displays a typical absorption at 196 nm
(Figure 5A), which might be due to the stacked � electrons in
a helical environment due to aromatic stacking. Thus the CD
results show that the coiled or tubular structures are based on
nonparallel chiral packing due to the ™kink∫ structure ex-
pressed by the cis double bond on the monoene, whereas the
saturated analogue self-assembled to twisted fibres formed by
parallel chiral packing, as discussed in the literature.[14a, 16]

DSC analysis of self-assemblies : Self-assembled fibre was
isolated from the aqueous dispersion with a centrifuge at
3500 rpm, and the settled sample was isolated and used for the
differential scanning calorimetry (DSC) measurements. The
phase transition of the saturated and monoene components of

Figure 2. FE-SEM images of self-assembled HARNs after 2 days× incubation (saturated/monoene): a) 100:0,
b) 90:10,[a] c) 80:20,[a] d) 50:50,[a] e) 20:80,[b] f) 10:90,[c] g) 0:100 and h) cardanyl glucoside mixtures, as a reference.
[a] the white arrows indicate twisted helical morphology, [b] the white arrows show the tightly coiled helical
ribbons and [c] helical markings on the nanotubes.
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the cardanyl glucoside mixture have not previously been
studied by DSC. The saturated component showed a phase
transition at 77.8 �C, while on introduction of a single cis
double bond in the aliphatic chain the phase transition
decreases to 38.5 �C (Table 1). High-sensitivity DSC is applied
to determine the miscibility of the lipids 1 and 2 in the fully
hydrated state. The gel-to-liquid-crystalline phase-transition
data for the pure and mixed lipids are shown in Figure 6.
Ideally mixed binary systems should show a single peak
between the Tms of the two pure components. As can be seen,
the mixed systems exhibit single transitions in the range of
monoene fractions up to 30% in the mixture of 1 and 2 in
between the pure lipids; this implies an ideal mixing pattern.
Even though the concentration conditions employed are

much higher (�2000 times)
relative to that for self-assem-
bly, some phase separation
seems to occur for the mixed
system with a concentration
range of 50:50 wt% as evi-
dent from multiple melting
profiles for the compositions
of monoene/saturated mix-
tures (60:40, 50:50 and
40:60). The DSC data clearly
demonstrate that the self-as-
sembled HARNs are in the
solid state at room temper-
ature, irrespective of their
morphological difference.
The phase-transition temper-
ature increases with the in-
crease in concentration of the
saturated component as plot-
ted in (Figure 6).

X-ray diffraction studies : The
DSC studies gave information
on the phase transitions oc-
curring in the bilayers and the
self-assembled structures. To
gain insight into themolecular
orientation and packing pro-
file within the each HARN,
we performed small-angle
X-ray scattering studies by
using the isolated self-assem-
bled fibres as both wet and
dried samples. The values in-
dicate that, upon mixing the
saturated analogue and mon-
oene component, the molec-
ular arrangement seems to be
rather similar to pure compo-
nents that take on interdigi-
tated bilayer structures.[11] It
should be noted that the mo-
lecular orientation and pack-
ing within the fibres are dif-

ferent in both compounds, depending on whether the long
hydrocarbon chain is saturated or unsaturated. The monoene
2-rich binary mixtures gave a d spacing of 3.9 nm, in
comparison with the shorter (d� 3.1 nm) spacing of the
saturated glycolipid 1; this suggests an interdigitated mor-
phology, since the extended molecular lengths of 1 and 2 can
be evaluated to about 3 nm. Moreover, the saturated glyco-
lipid shows higher ordering in the aliphatic region, possibly
due to hydrocarbon crystallisation. Furthermore, this suggests
that the present glucosides are easily miscible with the second
component up to 30% wt% without disturbing the molecular
packing of the host molecule (major component). Once the
concentration of the minor component reaches 40% wt, the
composite tends to phase separate, as indicated by a splitting

Figure 4. FE-TEM images of self-assembled HARNs after 150 days× incubation (saturated/monoene): a) 100:0,[a]

b) 90:10,[a] c) 80:20,[a] d) 60:40,[a] e) 50:50,[b] f) 40:60,[a] g) 30:70, h) 20:80,[c] i) 10:90 and j) 0:100. [a] white arrows
indicate twisted helical morphology, [b] white arrows show the loosely coiled ribbon, [c] tightly coiled ribbon.
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Figure 5. A) UVabsorption spectra of self-assembled aggregates in water:
saturated 1 ( ¥ ¥ ¥ ¥ ) and monoene 2 (––) at 25 �C. �max� 196 nm (major
absorption). Concentration of saturated 1� 2.3� 10�5 and of monoene 2�
2.3� 10�5 molL�1 (All concentrations mentioned are for monomer spe-
cies). B) Temperature-dependant CD spectra of 2 helical morphologies in
water (a: 25, b: 30, c: 35, d: 40, e: 45 �C) and saturated 1 (f: 25 �C, dotted
line). C) The intensity of the CD peaks at 196 ± 200 nm decreased as a
function of temperature. Concentration of saturated 1� 2.3� 10�5 and
monoene 2� 2.3� 10�5 molL�1 (All concentrations mentioned are for
monomer species).

Figure 6. Composition-dependent phase-transition behaviour of the self-
assembled HARNs. Ti and Te are corrected onset and completion
temperatures. Error bars are standard errors. If two values lie within the
error bars, the difference between these values is statistically insignificant.

of the XRD peak in the long-range order; this also supports
the DSC data. The values of molecular periodicity are in the
range 3.1 ± 3.96 nm, measured for pure saturated components
1 and 2, though the compositional variation shows clear
morphological changes in the FE-SEM, TEM analysis and
DSC values.

Conclusion

The tuning of HARN structures of solid bilayers was achieved
by using two lead molecules with small but definite structural
variations. The present binary self-assembly in water, which
yields intermediate morphologies can lead to the preparation
of extensive HARN libraries as represented in Figure 1. This
simple combinatorial design of HARNs will accelerate
progress in preparing and evaluating novel nanostructured
materials with existing amphiphilic compounds. Although
studies on morphological regulations by changing concentra-
tion and solvent systems have been conducted in the past, the
lack of common structural features among lead compounds
made it difficult to correlate the structure and molecular
morphology upon self-assembly. The further study of combi-
natorial design of HARN structures will facilitate the
identification of new morphologies that are optimally
matched to the requirements of a specific nanostructure
application for miniaturisation.

Experimental Section

Instrumental methods : Differential scanning calorimetry (DSC) was
performed on a Seiko DSC6100 high-sensitivity differential scanning
calorimeter equipped with a nitrogen gas cooling unit. The lipid suspension
was hermetically sealed in a silver pan and measured against a pan
containing alumina as the reference. With pure lipids and mixtures,
concentrations of 1 ± 2 mgmL�1 were used. The thermograms were
recorded at a heating rate of 1 �Cmin�1. X-ray powder diffraction (XRD)
patterns were measured by using a Rigaku diffractometer (Type 4037) with
graded d-space elliptical side-by-side multiplayer optics, monochromated
CuK� radiation (40 kV, 30 mA), and imaging plate (R axis IV). The fibrous
sample was transferred to a quartz capillary tube, and excess water was
removed by using a syringe. The capillary was sealed, and the XRD was

Table 1. HARN libraries with different morphologies and their physical
data.

Composition DSC data XRD data[c] FE-SEM
2/1 Tg-l [�C] d [nm] morphology

100:0 38.5[a] 3.96 tubule(no helical marking)[d]

90:10 40.4[b] 3.96 tubule (helical marking)
80:20 42.5[b] 3.96 loosely coiled ribbon
50:50 51.0, 47.8[b] 3.90, 3.22 twisted ribbon (low pitch)
20:80 74.3[b] 3.10 twisted ribbon
10:90 75.4[b] 3.14 twisted ribbon
0:100 77.8[a] 3.14 twisted ribbon

[a] Measured for self-assembled fibres. [b] Measured for binary mixture.
[c] Measured for self-assembled structures. [d] Partly include tightly coiled
ribbons.
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measured. The typical exposure time was 5 min for self-assembled
structures with 150 mm camera length. Field-emission scanning electron
microscopy (FE-SEM) studies were carried out on a Carl Zeiss LEO
GEMINI1550 (accelerating voltage: 0.4 ± 0.7 kV, working distance: 3 ±
4 mm). The SEM samples were prepared by transferring 15 �L of the lipid
suspension onto a 400 mesh carbon-coated Formvar copper grid. Excess
water was removed by touching the edge of the grid with filter paper. The
samples were allowed to dry in air prior to imaging. Circular dichroism
(CD) studies were performed on a JASCO-720 spectropolarimeter
operating between 175 and 700 nm. The samples were placed in water-
jacketed quartz cells with path lengths of 0.1 to 0.5 mm. Temperature
control was provided by a water circulator, which provided a thermal
stability of about 0.2 �C. The spectrometer was calibrated with ammonium-
�-camphorsulfonate ([�]291� 7910 �cm2dmol�1) and �-pantonyllactone
([�]219��16140 in water, [�]223��12420 in methanol). Cardanyl gluco-
side mixtures were fractionated by using a Yamazen fraction collector FR-
50N coupled with a gradient mixer GR-200, variable-wavelength UV
detector prep UV-10-V and a flat mini recorder. The sample was subjected
to medium-pressure column chromatography on a Yamazen ODS column
(100� 2.6 cm, i.d.) packed with ODS (50 �m particle size). The mobile
phase used was methanol/10% aqueous acetic acid (initially 88:12, after the
sample injection the gradient changed to 90:10, v/v) and delivered with a
Yamazen Peristatic pump at 8 mLmin�1. The effluent was monitored by the
UV detector at 254 nm. The fractions were collected and dried to constant
weight under vacuum at room temperature.

Materials and general methods : Cardanyl glucoside was prepared by
coupling of cardanol with �-glucose by a simple glycosylation method,[11]

and is a mixture of four components; 1: 1-O-3�-n-(pentadecyl)phenyl-�-�-
glucopyranoside (5%), 2 : 1-O-3�-n-(8�(Z)-pentadecenyl)phenyl-�-�-gluco-
pyranoside (50%), 3 : 1-O-3�-n-(8�(Z),11�(Z)-pentadecadienyl)phenyl-�-�-
glucopyranoside (16%) and 4. 1-O-3�-n-(8�(Z),11�(Z),14�-pentadecatri-
enyl)phenyl-�-�-glucopyranoside (29%). Cardanol was obtainable by
double vacuum distillation of cashew-nut-shell liquid (CNSL) at 3 ±
4 mmHg and the fraction boiling between 220 ± 235 �C was collected. The
compounds for the present study, 1 and 2, were obtained by the
fractionation of the cardanyl glucoside mixture into its individual
components by reverse-phase medium-pressure column chromatography.
The compounds corresponding to the saturated 1, monoene 2, diene 3 and
triene 4 components were isolated and analysed by standard methods. The
fractionated amount of compound 1 was not sufficient for further detailed
experimental studies, and thus we synthesised it in the laboratory by using
the same procedure as for 2 described earlier.[11]

Saturated 1: m.p. 143.6 �C; 1H NMR (600 MHz, [D4]CH3OH, 25 �C, TMS):
�� 0.88 (t, 3H; Me), 1.25 (m, 24H; CH2), 1.58 (m, 2H; CH2CH2Ar), 2.56 (t,
2H; CH2Ar), 3.13 ± 3.69 (m, H2, H3, H4, H5 and H6), 4.82 (d, 2J(H,H)�
7.3 Hz, 1H; H1), 6.79 (d, 2H), 6.80 ± 6.89 (d, 1H), 7.19 ± 7.20 (t, 1H); ESI
mass: 466; elemental analysis calcd (%) for C27H46O6 (466.0): C 69.493, H
9.935; found: C 68.993, H 9.876.

Monoene 2 : m.p. 132 �C; 1H NMR (600 MHz, [D4]CH3OH, 25 �C, TMS):
�� 0.88 (t, 3H; Me), 1.25 (m, 16H; CH2), 1.58 (m, 2H; CH2CH2Ar), 2.00
(CH2CH�CH2, 4H), 2.56 (t, 2H; CH2Ar), 3.13 ± 3.69 (m, H2, H3, H4, H5
and H6), 4.82 (d, 2J� 7.3 Hz, 1H; H1), 5.3 (t, 2H; vinyl protons), 6.79 (d,
2H), 6.80 ± 6.89 (d, 1H), 7.19 ± 7.20 (t, 1H); ESI mass: 464; elemental
analysis calcd (%) for C27H44O6 (464.0): C 69.82, H 9.48; found: C 69.41, H
9.46.

Diene 3 : m.p. 115 �C; 1H NMR (600 MHz, [D4]CH3OH, 25 �C, TMS): ��
0.88 (t, 3H; Me), 1.25 (m, 8H; CH2), 1.35 ± 1.4 (m, CH2CH3), 1.58 (m, 2H;
CH2CH2Ar), 2.00 (CH2CH�CH2), 2.56 (t, 2H; CH2Ar), 2.78 (m,
2H,CH�CHCH2CH�CH), 3.13 ± 3.69 (m, H2, H3, H4, H5 and H6), 4.82
(d, J1,2� 7.3 Hz, 1H; H1), 5.3 (m, 4H; vinyl protons), 6.79 (d, 2H), 6.80 ±
6.89 (d, 1H), 7.19 ± 7.20 (t, 1H); ESI mass: 462; elemental analysis calcd
(%) for C27H42O6 (462.0): C 70.12, H 9.09; found: C 69.943, H 8.973.

Triene 4 : m.p. 96 �C; 1H NMR (600 MHz, [D4]CH3OH, 25 �C, TMS): ��
1.25 (m, 8H; CH2), 1.58 (m, 2H; CH2CH2Ar), 2.00 (CH2CH�CH2), 2.56 (m
or t, 2H; CH2Ar), 2.78 (m, 4H; CH�CHCH2CH�CH), 3.13 ± 3.69 (m, H2,
H3, H4, H5 and H6), 4.82 (d, J1,2� 7.3 Hz, 1H; H1), 4.9 ± 5.05 (tt,tt 2H;
vinyl protons), 5.3 ± 5.45 (m, 4H; vinyl protons) 5.75 ± 5.85 (m, 1H; vinyl
protons) 6.79 (d, 2H), 6.80 ± 6.89 (d, 1H), 7.19 ± 7.20 (t, 1H); ESI mass: 460;
elemental analysis calcd (%) for C27H40O6 (460.0): C 70.43, H 8.69; found:
C 69.982, H 8.72.

Self-assembly experiments : The compounds 1 and 2 were dissolved
separately in methanol and quantitatively mixed in a flask for a series of
compositions (0 ± 100%), the solvent was evaporated, and the residue was
dried under vacuum for 3 h. Up to 10 simultaneous self-assembly experi-
ments on a 3 mg scale were conducted in separate flasks. Since the
compounds used had almost identical structures and behaviour, the same
set of experimental conditions was employed. The samples were dispersed
in Milli-Q water (100 mL), gradually heated to boiling and kept for 1 h for
thorough mixing and dispersing. The transparent aqueous dispersion was
gradually cooled to room temperature and kept without shaking. This
methodology can be used for the automated self-assembly process of
HARN library preparations. After several hours, the self-assembled
material appeared as a white cotton-like mass and was collected (within
24 h) for various analyses by wet and dry methods.

Miscibility studies : The miscibility of the glycolipids 1 and 2 was studied by
differential scanning calorimetry (DSC). Stock solutions of both glycolipids
in methanol were quantitatively mixed in a sample bottle, the solvent was
removed under a stream of nitrogen, and the sample was dried overnight in
vacuo.Weighed amounts (�2 mg) of the sample were transferred to a silver
capsule. After addition of Milli-Q water (�20 mg), the samples were sealed
and kept for 12 h to complete the hydration. DSC experiments were
conducted at a heating rate of 1 �Cmin�1 for repeated heating ± cooling
cycles to ensure thorough mixing and complete hydration of the glycolipids.
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