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Abstract: A detailed molecular organization of racemic 16-2-16 tartrate self-assembled multi-bilayer ribbons
in the hydrated state is proposed where 16-2-16 amphiphiles, tartrate ions, and water molecules are all
accurately positioned by comparing experimental X-ray powder diffraction and diffraction patterns derived
from modeling studies. X-ray diffuse scattering studies show that molecular organization is not fundamentally
altered when comparing the flat ribbons of the racemate to chirally twisted or helical ribbons of the pure
tartrate enantiomer. Essential features of the three-dimensional molecular organizations of these structures
include interdigitation of alkyl chains within each bilayer and well-defined networks of ionic and hydrogen
bonds between cations, anions, and water molecules between bilayers. The detailed study of diffraction
patterns also indicated that the gemini headgroups are oriented parallel to the long edge of the ribbons.
The structure thus possesses a high cohesion and good crystallinity, and for the first time, we could relate
the packing of the chiral molecules to the expression of the chirality at a mesoscopic scale. The organization
of the ribbons at the molecular level sheds light on a number of their macroscopic features. Among these
are the reason why enantiomerically pure 16-2-16 tartrate forms ribbons that consist of exactly two bilayers,
and a plausible mechanism by which a chirally twisted or helical shape may emerge from the packing of
chiral tartrate ions. Importantly, the distinction between commonly observed helical and twisted morphologies
could be related to a subtle symmetry breaking. These results demonstrate that accurately solving the
molecular structure of self-assembled soft materialssa process rarely achievedsis within reach, that it is
a valid approach to correlate molecular parameters to macrocopic properties, and thus that it offers
opportunities to modulate properties through molecular design.

Introduction

Chiral amphiphilic molecules often assemble in solution to
form aggregates with high aspect ratios, such as rods, tapes, or
tubes.1,2 Their morphology frequently expresses the chirality
of their components at a supramolecular scale of nanometers
to micrometers; the fibrous structures may be coiled, twisted,
or wound around one another, and exist as a left-handed or a
right-handed form. On fundamental grounds, the relationship
between molecular chirality (∼Å) and supramolecular chirality
(∼µm) as expressed in these structures represents an excellent
model for studying the emergence of specific shapes at a
macroscopic scale through cooperative interactions between a
large number of very small building blocks. In addition to this
fundamental aspect, chiral fibrous objects possess a great
potential for development of new functional supramolecular
devices, taking advantage of the chirality of the molecular
constituents organized in a hierarchical manner and/or of the
supramolecular chirality of the fibers that can be generated.
Examples of applications are for chiral recognition, using chiral

fibers as templates for helical crystallization of proteins, or for
the growth of inorganic replicas.1–3

One great challenge in this area is to understand the role of
parameters such as cooperative hydrogen bonding and/or π-π
stacking which determine intermolecular interactions and thus
the morphology of these remarkable chiral structures. Very
often, the balance between these parameters is subtle because
these assemblies result from the cooperative effects of multiple
weak interactions between a large numbers of subcomponents;
seemingly slight changes in the experimental conditions or
molecular structures may lead to important changes of chiral
fiber morphology. Among these, the most studied are twisted
and helical ribbons of single or multiple bilayer membranes.
Helical ribbons have a cylindrical curvature and can be
precursors of tubules.3–10 Twisted ribbons have Gaussian or
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saddle-like curvature.11-14 These intriguing shapes can be
simply visualized using microscopy and have fascinated both
chemists and physicists. The expressed chirality ranges from
tens of nanometers to micrometers, whereas molecular chirality
is of the order of angstroms.15 Therefore, the tilt or twist of a
molecule with respect to neighboring molecules is generally very
small, i.e., less than a degree.

Various theoretical approaches have been proposed to char-
acterize the curvatures and morphologies of such membranes
by calculating their elastic free energy in attempts to explain
the correlation between the morphologies of the chiral ribbons
and molecular organization.4,16-21 Most of these models are
inspired by continuous elastic models developed for mechanical
deformation of liquid crystals. Particular effort has been made
by several groups to investigating the difference between helical
and twisted ribbons.14,22,23 In all cases, these are based on the
models treating the membranes as continuous media with given
properties, and while they may allow us to qualitatively describe
the structures, the lack of atomic details prohibits molecular
design of new systems.

Many attempts have been made to elucidate molecular
packing of self-assembled hydrated fibers at atomic resolution.
Circular dichroism is a technique often used to shed light on
chiral molecular organization. It allows for assessment of
induced chirality and chirality amplification and sometimes
permits the determination of the handedness of helical molecular
packing in the fibers.24 In principle, X-ray diffraction should
provide more accurate information about molecular organization
at close to atomic resolution if (and only if) the molecules have
crystalline order. However, this remains a major hurdle because
chiral self-assembled fibers are thin and “soft” materials without
long three-dimensional crystalline order and are often labile in
solution. Thus, except in a couple of cases,25,26 studies on

molecular organization within fibrous aggregates (chiral or not)
have been performed on dried and desolvated fibers. Frequently,
sharp diffraction peaks observed on dried fibers disappear upon
their solvation and are not amenable to detailed determination
of molecular packing. Therefore, the assumption is made that
fibrous aggregates are in a pseudocrystalline state and that
molecular organization is unchanged when the gels or the fibers
are dried.27-35 Meanwhile, the validity of such assumptions must
be questioned in each case. Another assumption commonly
made is that molecular packing within a soft gel fiber may be
similar to the packing of the gelator or of its analogues in single
crystals. Single-crystal structures determined by X-ray crystal-
lography provide very accurate information about molecular
packing.35–38 However, while the analogy between fiber and
single-crystal structures has sometimes been validated by
comparison of the powder diffraction patterns, this control was
not performed in many cases. Occasionally, it was even clearly
demonstrated that a single-crystal structure and the correspond-
ing gel structure do not match.39

Beyond the elucidation of the structure of self-assembled
fibers at the molecular level, a second challenge lies in relating
molecular packing to macroscopic features such as fiber shape
and supramolecular chirality. In most cases, self-assembled
fibers are very thin and have very low X-ray scattering intensity.
The observation of an isolated fiber in order to determine the
orientation of molecules with respect to the fiber coordinates
remains very difficult, and measurements performed on en-
sembles of fibers give rise to powder diffraction that does not
allow the orientation of molecular arrangements to be defined.
Additionally, other techniques which allow the direct observation
of isolated fibers (i.e., electron microscopy and atomic force
microscopy, AFM) do not yet have the necessary resolution to
observe molecular organization. Only in exceptional cases are
the fibers large enough to be manipulated individually and
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and on the diffraction pattern of individual micrometric fibers,
Benedek et al. have resolved the molecular structure of cho-
lesterol tubules.40

We have previously reported that nonchiral cationic gemini
surfactants having the formula C2H4-1,2-((CH3)2N+C16H33)2,
denoted as 16-2-16, form twisted ribbons in solution in the
presence of chiral tartrate counterions (Figure 1).13,14 The
handedness of the ribbons depends on the D or L chiral
configuration of tartrate, and their twist pitch decreases continu-
ously upon increasing the enantiomeric excess (ee). Chirality
induction by the tartrates was shown to involve selective
anion-cation recognition and conformationally labile chirality
in the cations.41 Recently, we also demonstrated that, depending
on various parameters, not only do twisted ribbons form, but
also helical ribbons evolve into tubules (Figure 1).42

Such a fine tunability of nanometric chiral assemblies is very
intriguing, particularly considering that chirality in this system
comes solely from counterions. It offers a versatile approach to
prepare chiral nanoobjects. In order to shed light on the
mechanism of chirality transfer from counterions to amphiphiles,
and from molecular level to supramolecular level, we have

carried out and now report an investigation of molecular packing
at atomic resolution of the soft and hydrated, multilayered chiral
assemblies of 16-2-16 tartrate molecules. We used a multiscale
approach involving small-angle and wide-angle X-ray scattering
(SAXS and WAXS) and molecular modeling to elucidate the
molecular structures of three distinct morphologies of gemini
tartrate ribbons: planar, twisted, and helical. The molecular
packing was found to be very similar in all three structures,
differing only by subtle symmetry breaking. It was clearly
observed that the presence of solvent molecules (water) in the
core of the crystalline structure is crucial for their cohesion but
makes structure resolution extremely difficult. To the best of
our knowledge, this is an unprecedented example in which three-
dimensional molecular organization is elucidated in chiral
membrane structures in the presence of solvent. The organization
and the orientation of the chiral molecules could be determined
with respect to the chiral ribbons with high aspect ratio, giving
a clear indication of how the molecular chirality is translated
at the mesoscopic level. These results give fundamental insights
on the structure of such chiral assemblies. They also represent
an important methodological progress, given the general dif-
ficulty in reaching atomic resolution in soft matter.

Results and Discussion

Crystallographic Analysis of the Multilayered Racemate
Structure. Infrared spectroscopy of 16-2-16 DL-tartrate ribbons
shows that the chains have orthorhombic crystalline ordering.43

This also holds in twisted or helical ribbons as well as in tubules
of the pure tartrate enantiomer.42 As shown in the following,
crystalline ordering was confirmed by high-resolution powder
diffraction of these assemblies. The X-ray pattern of a white
gel of racemic 16-2-16 tartrate in water (10% w/w) exhibits
sharp peaks up to a resolution of 3.5 Å, i.e., q ) 1.8 Å-1 (Figure
2 and Table 1), which could unambiguously be indexed in an
orthorhombic 3D crystal lattice with a ) 65.16 Å, b ) 7.77 Å,
c ) 9.84 Å, and a unit cell volume V ) 4978 Å3. The first
extinctions (Supporting Information, Table S1) of the peaks are
in agreement with a non-centrosymmetric Pna21 space group
(No. 33). The unit cell is constituted by four equivalent entities
(asymmetric unit), each with a volume of 1244 Å3, correspond-
ing to a unique gemini/tartrate ion pair and some water. The
four entities are linked by three symmetry elements associated
with Pna21: two glide mirror planes, n and a, and a two-fold 21

screw axis.
The unit cell is long enough to span two bilayers linked by

a glide mirror plane a oriented along (a,c) with an a/2
translation. The thickness of the bilayer of about a/2 (32.58 Å)

(40) Khaykovich, B.; Hossain, C.; McManus, J. J.; Lomakin, A.; Moncton,
D. E.; Benedek, G. B. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 9656–
9660.
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Desbat, B.; Oda, R. J. Am. Chem. Soc. 2007, 129, 3754–3762. (43) Snyder, R. G. J. Mol. Spectrosc. 1961, 7, 116–144.

Figure 1. Formula of the 16-2-16 L-tartrate. Transmission electron
microscopy (TEM) images and schematic representation of twisted ribbons
(a), helical ribbons (b), and tubules (c) of 16-2-16 L-tartrate; TEM image
and schematic representation of flat ribbons of racemic 16-2-16 tartrate (d).
The morphologies of the multilayer ribbons depend on the ee of the tartrate
counterion. For a pure enantiomer, twisted ribbons form first and transform
into helical ribbons and tubules. This transformation into helical ribbons/
tubules subsists at an ee as low as 0.8, but below ee ) 0.6, only twisted
ribbons are observed. The pitch of the twist increases with decreasing ee,
up to an infinite value for ee ) 0 (flat ribbon).

Figure 2. X-ray diffraction pattern of an aqueous suspension of flat ribbons
of racemic 16-2-16 tartrate, 10% w/w at 20 °C.
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is slightly larger than the gemini molecular length (25 Å) and
suggests an interdigitation of the aliphatic chains. Two non-
interdigitated leaflets in the bilayer are unlikely, as they could
only be accommodated at an improbable tilt angle of the alkyl
chains of over 50°. The surface per aliphatic chain, bc/4 ) 19.1
Å2, indicates a close-packed crystalline state.44 Among the seven
known types of chain-packing in crystals of lipid bilayers, only
the O′| is a compatible sublattice of (b,c). This packing has
been previously observed in crystals of oleic acid with bsub )
7.93 Å and csub ) 4.74 Å.45 Thus, the aliphatic chains are
parallel to a with a local packing similar to the triclinic T|,44,46

which defines two short chain-chain distances. The distance
between two chains of a given gemini headgroup is shorter than
4 Å. Consequently, the headgroup can only link two aliphatic
chains along the shorter interchain distance of T|, i.e., b/2 )
3.88(5) Å, and not c/2 ) 4.92 Å.

Within a unit cell, two molecules of a single interdigitated
bilayer are linked by a symmetry element with a translation
perpendicular to the gemini headgroup direction, i.e., c. The
glide mirror, n, is the unique symmetry element that can link
the two molecules and thus crosses the aliphatic domain in its
middle. The localization of the first two symmetry elements,
namely the glide mirror planes n and a, imposes the localization
of the two-fold screw axis 21 along c between the two bilayers
in the aqueous domain. In summary, these first considerations
lead to a preliminary structure where two interdigitated bilayers
separated by a water gap cross the unit cell along (b,c), the
alkyl chains being parallel to a (Figure 3a) and the headgroups
being oriented along b.

As we have previously shown,41 the gemini dications are
intrinsically achiral but may adopt two mirror-imaged confor-
mations at their headgroups. Both conformations are found in
the ribbons. According to the planar chiral shape of the ethylene
spacer from a top view, these conformations will be noted Z

and backward-Z (in red and pink, respectively, Figure 3a). The
assignment of the space group and the localization of the screw
axis are sufficient to identify the chirality relationship between
enantiomers in the ribbons. Each bilayer is racemic and formed
by an L-tartrate leaflet and a D-tartrate leaflet that are related by
the (b/2, c/2) glide mirror in the middle of the aliphatic chains.
The headgroups of two consecutive bilayers that are in contact
through the water gap have the same chiral conformation and
are related by the screw axis. The unit cell is thus constituted
by two successive racemic, heterochiral bilayers that are
alternatively separated by homochiral headgroup regions where
all tartrates are either L or D.

Refinement of a Model of the Racemic 16-2-16 Tartrate. As
mentioned above, symmetry requirements and the size of the
unit cell allowed us to locate, with some accuracy, the four
molecules of 16-2-16 tartrate. To refine this structure, we then
simulated the X-ray powder diffraction pattern of the resulting
molecular arrangement and compared it with the experimental
pattern. Several essential parameters were considered in per-
forming the comparison. The construction of a unit cell is shown
in the Supporting Information (Figure S1).

The first element is the depth of the interdigitation. The
symmetry elements and the trans conformation of the alkyl
chains require the depth of interdigitation of chains in a bilayer
to be an even number of carbons. Taking into account steric
considerations, the hydrophobicity of the chains, and the
dimension of the unit cell (a ≈ 65 Å), we estimated the depth
of interdigitation to be 14 out of 16 carbons. Further interdigi-
tation would result in direct contact of the chain terminal methyl
group with water molecules, and lower interdigitation would
not be compatible with the cell dimensions. The space that
remains between consecutive bilayers is to be filled by tartrate
ions and water molecules.

The relative positions of the tartrates and the gemini moieties
with respect to the fully generated bilayer were then determined:
the generation of multiple simulated powder spectra let us
conclude that a tartrate from one leaflet is located on top of the
methyl groups of the alkyl chains of the gemini from the other
leaflet of the same bilayer. The relative positions and orientations
of tartrate and gemini moieties in the same monolayer were
then determined. We found that, when the orientation of the
two ionized functions of gemini (ammoniums) and tartrate
(carboxylates) is parallel, the generated powder spectrum leads
to two very intense peaks at 2θ ) 14.58° (0,1,1) and 18.02°
(0,0,2) in the simulation that are not observed experimentally.
We then rotated tartrate ions relative to the gemini moiety in
5° steps, and a powder spectrum was generated at each point.
The above-mentioned two peaks disappeared when the relative
angle was between 90° and 95°.

Such operations allowed bilayer constructions. However, the
distances between the consecutive bilayers as generated above
were too large to allow any interaction between them, which
resulted in a void space. Moreover, the generated powder
patterns at this stage were still far from those obtained

(44) Small, D. M. Handbook of lipid research, The Physical Chemistry of
Lipids; Plenum Press, New York, 1986.

(45) Abrahamson, S.; Ryderstedt-Nahringbauer, I. Acta Crystallogr. 1962,
15, 1261–1268.

(46) Kitaigorodskii, A. I. Organic Chemical Crystallography; Springer, New
York, 1984.

Table 1. Peak Indexes of the Diffraction of 16-2-16 DL-Tartrate
(Figure 2) in an Orthorhombic Cella

h,k,lb qcal (Ical)c qobs (Iobs)c

2,0,0 0.193 (100) 0.193 (100)
4,0,0 0.386 (4) 0.385 (7)
6,0,0 0.579 (10) 0.577 (10.5)
2,0,1 0.667 (4) 0.667 (5)
4,0,1 0.746 (4.5) 0.746 (3)
8,0,0 0.771 (16) 0.770 (20)
1,1,0 0.815 (1) 0.815 (1)
2,1,0 0.832 (2) 0.834 (1)
3,1,0 0.859 (4) 0.860 (1)
6,0,1 0.862 (4) 0.861 (1)
4,1,0 0.896 vwd

7,0,1 0.929 vwd

5,1,0 0.942 (2) 0.940 (2)
10,0,0 0.964 (6) 0.963 (6)
6,1,0 0.995 0.997 (w)d

8,0,1 1.001 1.007 (w)d

0,1,1 1.031 1.021
1,1,1 1.035 vwd

7,1,0 1.054 vwd

11,0,0 1.061 vwd

9,0,1 1.077 1.083 (w)d

8,1,0 1.118 1.119 (w)d

12,0,0 1.157 1.154 (w)d

a a ) 65.16 Å, b ) 7.77 Å, and c ) 9.84 Å. b h, k, and l are Miller
indexes. c qcal (Ical) and qobs (Iobs) are the calculated and observed peak
positions (peak intensities). Both peak intensities are normalized to the
most intense peak (2,0,0). d w and vw mean weak and very weak
intensities, respectively.
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experimentally. It was clear that solvation was required to ensure
the cohesion of the structure. Fiber density helped assess their
water content. Fibers dispersed in D2O (density 1.1) sink,
whereas they float in H2O and remain suspended in D2O/H2O
mixtures. Thus, fiber density was estimated to ∼1.05 ( 0.04,
compatible with 4-6 water molecules in the asymmetric unit.
Water molecules were introduced one by one in the model at
the interface of two bilayers, and at each step a powder spectrum
was generated. We observed that the number of water molecules
has a particularly large influence on the intensities of peaks at
2θ ) 2.7° (2,0,0), 5.40° (4,0,0), 8.10° (6,0,0), 9.38° (2,0,1),
and 10.82° (8,0,0). It clearly appeared that the best fit in terms
of relative intensities of these peaks was found with six water
molecules.

In order to accurately locate all the molecules within the
crystal cell, a double bilayer built from 3×3 cell contents (i.e.,
36 gemini tartrates) with six water molecules per asymmetric
unit randomly located at the bilayer interface was submitted to
a long minimization procedure followed by several cold (100
K) molecular dynamics runs. In order to crystallize the sur-
rounding space, a full image convention was used for the
periodic boundary conditions. It was observed that the two alkyl
chains of each gemini slightly deviate from the initial parallel
orientation. The tartrate position and orientation remained
essentially unchanged.

This minimized gemini amphiphile conformation was then
used again to finely locate water molecules. We found that the
positions of the water molecules are crucial for the quality of
the fit between the generated pattern and the experimental data.
Meanwhile, to position correctly the water molecules in three-
dimensional space turned out to be the most challenging task.
At the beginning, the six water molecules were positioned
randomly at the interface between the two bilayers. A double
bilayer built from 3×3 cell contents was again generated and

fully minimized using a conjugate gradient and a full image
convention for periodic boundary conditions. During the
minimization, the positions of gemini and tartrates were fixed
in the first 2000 steps and tethered with a constraint of 200
kcal/Å2 in the next 1000 steps. We then performed several short
and cold (100 K) molecular dynamics runs. During these runs,
we found that two of the six water molecules migrated below
the top of the gemini headgroups to settle between the tartrates
and the terminal methyl groups of the alkyl chains. At the end
of the dynamic simulation, these water molecules form an
undulating linear arrangement (Figure 3b, in transparent blue).
The remaining four water molecules (shown in opaque blue)
organize into two parallel planes in the gap between the bilayers,
separated from the tartrate layer by roughly 2 Å (Supporting
Information, Figure S2). In the Pna21 symmetry, these four
water molecules form a two-level hexagonal lattice. Such an
organization strongly suggests the presence of a network of
hydrogen bonds between the tartrate ions of one leaflet and the
tartrate ions of the opposite leaflet. The plane defined by each
carboxylate moiety of the tartrate ions is oriented almost
perpendicular to the membrane surface. One oxygen atom points
toward the bilayer, where a second set of water molecules (two
per gemini) is organized in undulating lines (Supporting
Information, Figure S3). These columns of water molecules
apparently form hydrogen-bonded bridges between two car-
boxylate oxygens belonging to the same tartrate molecule, or
to neighboring tartrate molecules. The other oxygen atom from
the carboxylate moiety, along with the hydroxy groups, points
away from the bilayer to the hexagonally packed water layer.
At this stage the calculated powder spectrum is very close to
the experimental spectrum up to 2θ ) 15°, except for a small
discrepancy for the peak at 5.40°, which can be due to some
disorder-induced peak broadening (52% of the measured value,
whereas the other peaks are within 15% of the measured value,

Figure 3. Molecular packing of racemic 16-2-16 tartrate giving the best fit between experimental and simulated powder diffraction patterns. (a) View from
the side, along the c axis, and color code used to represent D- and L-tartrate as well as the two enantiomeric conformers of the gemini headgroup. (b-e)
Views from the top (down the a axis) of the surface of a bilayer. In (b), only the gemini headgroups and water columns between them are shown. In (c) and
(d), tartrate counterions and interstitial water have been successively added on top of the view in (b). In (e), the tartrate ions belonging to the opposite bilayer
have been added, but interstitial water was removed for clarity.
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as seen in Table 1). As we have mentioned above, to find the
positions of six water molecules per gemini-tartrate while
respecting the symmetry group turned out to be extremely
difficult but crucial for a good fit between the experimental
diffraction pattern and the simulated pattern, revealing the
importance of the solvent molecules in the crystalline structure.
Despite the fact that the X-ray data do not have the necessary
resolution to unambiguously confirm the position of water
molecules, we believe that the results from molecular modeling
studies, in particular the spontaneous segregation of water
molecules into two ensembles both consistent with crystal-
lographic symmetry operations, can hardly be artifacts.

Additional Features of the Racemic 16-2-16 Tartrate Struc-
ture. Aside from the features described in the two sections
abovesinterdigitation, the heterochiral nature of each bilayer,
the absence of alkyl chain tilt, and the positions of tartrates and
water moleculessseveral aspects of the racemic structure
deserves comment.

Each tartrate dianion adopts an anti conformation and lies
flat in a cavity at the bilayer surface between adjacent gemini
headgroups and above the end of the alkyl chains belonging to
the other leaflet. They are at the same height as the ammonium
headgroups (Figure 3a). The gemini headgroups being homo-
chiral within one leaflet, the cavities between them are chiral
as well and may host only one enantiomer of the tartrate. All
tartrate molecules in the same monolayer are oriented parallel
to each other (Figure 3c). Water molecules are present in two
distinct zones and seem to play a crucial role in bridging tartrates
through hydrogen bonds.

The high cohesion between the individual chiral units of the
ribbon structure is likely at the origin of the expression of
chirality at the scale of the entire ribbon (Figure 1). Specifically,
two elements of cohesion, one heterochiral and one homochiral,
allow us to speculate about the mechanisms of chirality transfer.
First, the interdigitation of hydrophobic tails of gemini is key
for transferring chirality from one leaflet (monolayer) to the
other within a bilayer. The steric constraint of tightly packed
interdigitated bilayers requires that the two leaflets are hetero-
chiral. Second, gemini headgroups, tartrates of a single config-
uration, and water molecules are tightly interconnected through
hydrogen and ionic bonds and as well as steric interactions and
ensure the cohesion between two bilayers.

The 16-2-16 Tartrate Single-Enantiomer Structure. Homo-
geneous gels of the pure L enantiomer in water (10% w/w) were
investigated by high-resolution X-ray scattering (Figure 4) both
as twisted ribbons (fresh gels) and as helical ribbons (aged gels).
Diffraction patterns are identical for helical and twisted ribbons.

They exhibit broad diffuse scattering in SAXS as well as in
WAXS that indicates the absence of three-dimensional crystal-
line order. The minima of the SAXS modulations are in good
agreements with a cosine function and have been already
observed in the case of double-walled nanostructures.47 Ob-
served repeat distances of around 32 Å as well as TEM
observations (Figure 1c) strongly suggest that the ribbons are
made of exactly two similar bilayers, as found in the unit cell
of the racemic structure. Moreover, the maxima of WAXS
diffuse scattering are close to those of the racemic main Bragg
peaks, suggesting a similar molecular packing. This hypothesis
was validated upon fitting the full data set with an electron

density model for the SAXS and free position and intensities
peaks for WAXS (Figure 4). The diffuse scattering intensity
was fitted by the sum of two independent functions correspond-
ing to the small-angle X-ray scattering, ISAXS, and the wide-
angle X-ray scattering, IWAXS:

ISAXS(q)) Inorm[cos(qe ⁄ 2)]2[ sin[q(dc ⁄ 2+ dhg)]
q(dc ⁄ 2+ dhg)

+

(F- 1)
sin(qdc ⁄ 2)

qdc ⁄ 2 ]2

⁄ q2

where e ) 32.48 Å is the membrane thickness, which corre-
sponds to the repeat distance between the two membranes, dc

) 22.05 Å is the thickness of the aliphatic chains, dhg ) 2.9 Å
is the thickness of the headgroup, and F ) -0.05 is the relative
electron density, with electron density of water equal to 0 and
electron density of the headgroup equal to 1.

IWAXS(q))∑
i

Ii

1+ [(q- qi) ⁄ ∆qi]2

where Ii is the intensity, qi the position, and ∆qi the half-width
at half-maximum of the ith WAXS peak. The values are given
in Table 2. The (h,k,l)DL Miller indexes of the DL crystal are
given for comparison.

The electron density profile shown Figure 4 (inset) confirms
the presence of two identical bilayers, each with a thickness of
32.5 Å. The distance between consecutive high electron density
areas corresponding to the tartrate headgroup is 24.9 Å. These
distances match those observed for the racemic multilayer
ribbons within 0.3 Å. The WAXS diffuse scattering positions
show very good agreement with the racemate peak positions
(Table 2), and the systematic extinction confirms that molecular
packing is identical in the ribbons of the pure enantiomers and

(47) Pouget, E.; Dujardin, E.; Cavalier, A.; Moreac, A.; Valérie, C.; Marchi-
Artzner, V.; Weiss, T.; Renault, A.; Paternostre, M.; Artzner, F. Nat.
Mater. 2007, 6, 434–439.

Figure 4. X-ray diffuse scattering pattern of an aqueous suspension of
flat ribbons of enantiomer 16-2-16 tartrate, 10% w/w at 20 °C (bottom).
The model is the sum of a SAXS model and a WAXS model. The SAXS
model results from the electron density perpendicular to the membrane and
indicates the double-bilayer structure of the ribbons. The WAXS model
results from the in-plane packing of the geminis.
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the ribbons of the racemate. The limited size of the crystals is
at the origin of the peak broadening, as observed in nanocrys-
tals.48

Symmetry at the Molecular Level and Aggregate Morphol-
ogy. Our analysis leads to the conclusion that the unit cell and
the symmetry elements of molecular packing and thus structural
features such as two heterochiral bilayers per unit cell, comprised
of homochiral monolayers, are conserved through large mor-
phology transitions from racemic, flat multilayered ribbons to
chirally twisted, helical ribbons as well as tubules of the pure
enantiomer. These insights into the molecular-scale packing
within membrane ribbons shed light on a number of macroscopic
features.

Indeed, the structure of the pure enantiomer ribbons which
are composed of exactly two bilayers (Figure 1c) can be
understood on the basis of the packing mode of chiral elements
discussed above in the case of the racemate structure. We have
seen that the contact domain between adjacent bilayers is
homochiral: both gemini headgroups and tartrate of the sym-
metrical leaflet have the same chirality (Figure 5). In the
racemate, the infinite alternation of domains between bilayers
having D(backward-Z)D(backward-Z) and LZLZ arrays of
headgroups and tartrate ions is possible without chirality
frustration. In contrast, in the case of a pure enantiomer (L for
instance), only two bilayers can stack, separated by a domain
with an LZLZ array of headgroups and tartrate ions. In the
external leaflets of these double-bilayer ribbons, the heterochiral
bilayer packing requires that the gemini conformation is

backward-Z, and obviously, the only available tartrate (L) cannot
be accommodated within the chiral cavity where D tartrates are
expected.

Now let us compare the symmetry of the molecular packing
as obtained from X-ray analysis and the symmetry of the final
aggregates such as tubular, helical, or twisted ribbons. We know
first that the axis a of the unit cell should be perpendicular to
the bilayer plane. Additionally, the peak indexed as (0,2,0) in
the diffraction pattern shown in Figure 4 is particularly sharp,
indicating a long-range order (∼80 nm) along the b axis
direction. This is longer than the ribbons’ width, suggesting that
the b axis is oriented parallel to the long axis of the ribbons,
and consequently the c axis is oriented along the width of the
ribbons. A result of this is that the gemini headgroups are also
oriented parallel to the long edge of the ribbons,49 as we had
speculated in previous studies.50,51

Orienting the unit cell, i.e., molecular packing, with respect
to the ribbon allows us to establish possible correlations between
symmetry elements at molecular and mesoscopic scales. In
particular, the crystallographic C2 axis along c crosses the
ribbons along their width. We note that this local molecular
symmetry also exists at the scale of the whole aggregate in the
cases of flat (Figure 6a) and twisted ribbons (Figure 6b), but
not in the helical ribbons (Figure 6c) because in the latter, the
long axis of the ribbons (b) does not coincide with the ma-
croscopic long axis of the helix itself. This suggests that the
transition in morphology from twisted to helical ribbons/tubules
amounts to a symmetry-breaking.

Mechanism of the Expression of Supramolecular Chirality.
The molecular organization of the ribbons of 16-2-16 tartrate
also refers to how and why they adopt a twisted or helical shape
when they are enantiomerically enriched. As shown in Figure
3, tartrate molecules and Z or backward-Z chiral headgroups

(48) Guinier, A. X-ray Diffraction in Crystals, Imperfect Crystals, and
Amorphous Bodies; Dover Publication: New York, 1994; pp 219-
237.

(49) As shown in Figure 3b, the N-N axis of each headgroup is not exactly
parallel to b but the plane defined by the two chains of each gemini
is parallel to b and thus to the long edge of the ribbon.

(50) Oda, R.; Laguerre, M.; Huc, I.; Desbat, B. Langmuir 2002, 18, 9659–
9667.

(51) Oda, R.; Huc, I.; Homo, J.-C.; Heinrich, B.; Schmutz, M.; Candau, S.
Langmuir 1999, 15, 2384–2390.

Table 2. Peak Indexes of 16-2-16 L-Tartrate Powder Diffraction
Pattern with the Same Unit Cell as the DL Crystal

(h,k,l)QL
a qobs

b Iobs
b ∆qobs

b

(2,0,1) 0.669 14 0.017
(6,0,1) 0.88 2 0.010
(2,1,1) 1.08 21 0.020
(4,1,1) 1.14 57 0.038
(8,0,2) 1.47 100 0.036
(2,1,2) 1.54 96 0.067
(0,2,0) 1.62 99 0.022
(4,2,0) 1.68 20 0.011
(8,2,0) 1.79 3 0.015

a Miller indexes. b qobs, Iobs, and ∆qobs are observed peak positions,
peak intensities, and peak widths, respectively.

Figure 5. In the racemate (ee ) 0) structure, the contact layer between
two consecutive gemini bilayers is always homochiral (same gemini
conformation, same tartrate configuration). This packing is possible with a
pure enantiomer only for the internal adjacent leaflets. However, in the
external leaflets of this double-bilayer ribbon, the conformation of the gemini
headgroups is opposite to that found between the bilayers, preventing further
stacking.

Figure 6. Schematic representation of the orientation of gemini molecules
with respect to the ribbons in (a) flat, (b) twisted, and (c) helical structures.
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of the gemini define arrays of preferred orientations that deviate
from the ribbon long and short axes. For example, the
carboxylate-carboxylate direction of each tartrate is almost
parallel to (0,1,1) that is at an angle of ∼38° from the ribbon
long axis. Such arrays are susceptible to generate tensions,
attractive or repulsive, at the ribbon surface. Importantly, the
orientation of these arrays is not the same on either side of the
water gap between two bilayers. If one array is oriented at ∼38°
with respect to b, the other is oriented at ∼ -38°. Therefore,
tensions are exerted in a crossed manner on the two sides of a
double bilayer ribbon. Such tensions are expected to be released
upon a chiral deformation of the ribbon. If the tensions on the
two sides remain equal in the process, a twisted shape with
saddle-like curvature will result, whereas if the tension becomes
larger on one side than on the other, a helical shape with
cylindrical curvature will result.

In turn, bending or twisting results in frustrations of molecular
packing. As can be seen in Figure 6b,c, the curvatures inherent
to twisted or helical ribbons are conducive to surface area
variations which can be accommodated by variable molecular
tilts. Introducing a twist into a flat ribbon implies that the area
per molecule should be larger close to the long edges of the
ribbons than in the middle. One simple way to increase surface
area while preserving molecular organization and crystalline
chain-packing is to introduce a molecular tilt perpendicular to
c, in the (a,b) plane (Figure 6b). Conversely, in the case of
helical ribbons, the area per molecule should be larger in the
external bilayer than in the internal bilayer. Again, this
frustration can be resolved by introducing a molecular tilt in
the external bilayer. Tilt angles, of course, have an upper limit
beyond which bilayer integrity does not hold. Indeed, this may
well be the main factor that limits the width of twisted ribbons.

Conclusion

The pseudo-crystalline character of the racemic mixture of
16-2-16 tartrate multi-bilayer self-assembled ribbons makes them
suitable for X-ray powder diffraction investigations, which
together with molecular dynamics simulations have allowed us
to elucidate their structure. A detailed molecular organization
is proposed where gemini molecules and tartrate ions as well
as water molecules are all accurately positioned in the hydrated
state. Essential features of this organization include interdigi-
tation of alkyl chains within each bilayer and networks of ionic
and hydrogen bonds between cations, anions, and water
molecules between bilayers. This results in the molecular
packing following the symmetry leading to homochiral mono-
layer, heterochiral bilayer, and heterochiral adjacent bilayers
conserved through large morphology transitions from racemic
flat multilayered ribbons to chirally twisted and helical ribbons
as well as tubules of the pure enantiomer.

The structure thus possesses a high cohesion, which is likely
at the origin of the expression of molecular chirality at a
mesoscopic scale in this system. The organization of the ribbons
at the molecular level allows to understand a number of their
macroscopic features. Among these are the reason why enan-
tiomerically pure 16-2-16 tartrate forms ribbons that consist of
exactly two bilayers and a plausible mechanism by which a
chirally twisted or helical shape may emerge from the packing
of chiral tartrate ions. Importantly, the distinction between
commonly observed helical and twisted morphologies appears
to emerge from a simple symmetry-breaking.

Our results demonstrate that solving the molecular structure
of relatively soft self-assembled materials is now within reach
and that it is a valid approach to correlate molecular parameters
to macrocopic properties.

Experimental Section

X-ray Scattering. Samples at 10% in Millipore water (w/w) were
put in glass capillaries (Glas, Muller, Berlin). Experiments were
performed at station D43 at the LURE synchrotron (France) using
a monochromatic (1.451 Å) focused X-ray beam selected by a
parabolic Ge(111) crystal. The beam was defined by a 120 cm
collimator. The X-ray diffraction patterns were recorded, at exposure
times of 30-50 min, using a decentered image plate (15 × 20 cm2)
which was further digitized for analysis. The sample-to-detector
distance of 245 mm was used to give high-resolution patterns. All
samples exhibited powder diffraction Debye-Sherrer rings. Hence,
the scattering intensities as a function of the radial wave vector, q
) 4π sin(θ)/λ, were determined by circular integration.

Molecular Modeling. Calculations were performed on an SGI
Octane workstation running Insight II and Discover version 2000
(Accelrys Inc.) software, and molecular dynamics runs were
performed on a quadriprocessor SGI Origin 200 server. All analyses
were performed within the Decipher and Analysis modules of the
Insight package. For van der Waals and electrostatic treatment, we
used a group-based cutoff of 35 Å.

All powder spectra calculations and the whole crystallography
study were performed with Mercury v. 1.3 from the CCDC
(Cambridge), using the symmetry elements of the cell group Pna21

(No. 33).

Acknowledgment. This work was supported by the Conseil
Régional d’Aquitaine, Centre National de la Recherche Scientifique,
and the French Ministry of Research. We thank Dr. Dominique
Durand for the high quality of her technical support during
experiments performed on D43 at the LURE synchrotron.

Supporting Information Available: Additional experimental
information as described in the text. This material is available
free of charge via the Internet at http://pubs.acs.org.

JA8048964

14712 J. AM. CHEM. SOC. 9 VOL. 130, NO. 44, 2008

A R T I C L E S Oda et al.


