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The handedness of nanometrical helices based on surfactant 

assemblies was inverted when these helices were in contact 

with the excess solution of chiral anions with opposite 

enantiomers. An important difference in the kinetics of 

chirality inversion at molecular level and mesoscopic level 10 

was observed. 

Most biological macromolecules such as proteins and nucleic 
acids are optically active and adopt one-handed helices. Their 
structures play an important role in their inter/intra molecular 
interactions and functions. Recently, there are many reports on 15 

biologically inspired synthetic helical structure obtained by 
oligomers, polymers, foldamers and self-assembled low 
molecular weight molecules. The helices with controllable 
pitches are attractive not only to mimic nature, but also for the 
wide range of applications in materials sciences, chemical and 20 

biomaterial sensing, and enantioselective catalysis.1 The primary 
advantage of these synthetic structures lies in the ability to 
control the expressed chirality. Supramolecular helices can 
express the chirality with specific handedness which depends on 
the molecular chirality, and the expressed chirality at mesoscopic 25 

level is around nanometer to micrometer,2 indicating the intimate 
association between molecular chirality with the growth and 
stability of self-assembled chiral fibers. Mostly, the driving force 
for the helical structures originates from delicate balance between 
inter/intramolecular π-stacking, steric hindrance and hydrogen 30 

bond interaction.3 
 The chirality inversions in helical structures are known both in 
nature and in the synthetic systems. A right-handed helical 
protein or polymer chains can organize into a left-handed helical 
superstructure,4.5 Many macromolecules are reported to change 35 

their helicity between P and M in a so-called helix-helix 
transition by applying an external stimulus such as light,6 
solvent,7 temperature,8 pH value,9 and chiral and/or small 
molecule additives via host-guest interaction.10 Most of these 
examples of chirality inversion concern the helical organization 40 

of macromolecules/foldamers at the molecular or supramolecular 
level, and the chirality is expressed at nanometer level. These 
molecules with controllable helicity exhibit optical activity and 
inversion steps can be demonstrated by chiroptical spectroscopic 
methods. Due to their small size, the morphologies and the 45 

kinetics of these helices can mainly be followed by spectroscopic 
techniques such as CD, NMR, Fluorescence or UV or X-ray 
crystallography.11 Only a few examples are found in the literature 
about helical inversion on molecular assembly systems,12,13 and 

the kinetic aspects of these inversion are rarely discussed. Herein, 50 

we present a system based on chiral supramolecular structures in 
which we can directly visualize ambiguously step by step in situ 
helicity inversion for the first time at sub-micron level.  
 Previously, we reported that chiral supramolecular 
nanostructures can be achieved from non-chiral cationic 55 

surfactants with chiral counterions tartrate in water or organic 
solvents.14,15,16 Various chiral structures such as twisted, helical, 
and tubular nanostructures with controllable chirality are 
observed. These surfactants, called gemini surfactants, are formed 
with two symmetrical 16 carbon chains with two hydrophilic 60 

heads (quaternary ammoniums) connected by an ethylene spacer, 
denoted as 16-2-16. In contrast to chiral polymers, these 
molecular assembly structures are based solely on molecular 
assemblies with non-covalent interaction, and on the stacking of 
bilayers with well-ordered crystalline organization both of 65 

surfactants, counterions and water. Their morphologies are 
controlled by parameters such as temperature, additives, 
enantiomeric excess (ee), but also the aging factor turned out to 
be crucial.17 Various morphologies with finely tunable shapes are 
observed as a function of ee. Flat ribbons are observed with 70 

racemic mixture of L-tartrate: D-tartrate (1 : 1). With increasing 
ee, twisted ribbons with decreasing pitches are observed, and for 
ee ~ 1, helical ribbon, and tubules are observed. For ee ~ 1, 
tubules transform to twisted ribbons upon heating, or with a small 
quantity of additives. Finally, twisted ribbons transform to helical 75 

ribbons then to tubules upon aging of the assemblies.Error! 
Bookmark not defined. 
 The originality of this system is that the chirality is introduced 
by the counterions via electrostatic interaction and not covalent 
attachment to membrane forming moieties, i.e. gemini 80 

surfactants. This property allows us to access an extremely 
interesting observation reported here: the mesoscopic chirality 
(helicity) of these molecular assemblies with tens to hundreds of 
nanometers can be inverted in situ in solution at constant 
temperature, by introduction of opposite chiral acid (D-tartaric 85 

acid) into the gel network formed with nanometric helices of 16-
2-16 L-tartrate. This induces the ion exchange at the surface of 
charged bilayers, and final enantiomeric excess of the system is 
modified as a function of the quantity of the added D-tartaric 
acid. Due to their relatively “large” size, we succeeded in 90 

visualizing and following the mesoscopic helicity inversion using 
transmission electron microscopy (TEM) while the process of 
molecular chirality transfer was followed by circular dichroism 
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(CD) and Raman optical activity (ROA) and molecular 
organization by Small Angle X-ray Scattering (SAXS). 
 The 16-2-16 L-tartrate forms gel with P tubular structures in 
water. On this gel (10 mM), D-tartaric acid solutions with various 
equivalences of D-tartrate (1 eq, 2 eq, 4 eq, and 20 eq) were 5 

poured through, then the gel was then rinsed with a large amount 
of milli-Q water, then the structural variation of the gel was 
followed with time.  
 At first, we followed the morphology transformation using 
TEM with 1 equivalent of D-tartaric acid solution (ee =0). Just 10 

after rinsing, the P tubular fibers of 16-2-16 L-tartrate (Figure 1 
a) were slowly unwound to P helical structures (Figure 1 b1), 
which transformed to twist ribbons within a few hours (Figure 1 
b2). Their twist pitches increased to micrometric scale and a 
mixture of flat ribbons with some long pitch P and M twist 15 

ribbons were observed after one day (Figure 1 b3, b4).  

 
Figure 1. TEM images of morphology transformation of P 
tubes from 16-2-16 L-tartrate with pure enantiomer (a, ee = 
1) with different ee changes (b, ee=0; c, ee=-0.33; d, ee=-0.6 20 

and e, ee=-0.9) by filtration of opposite chiral D-tartaric acid 
solution through the 16-2-16 L-tartrate gel.   
For two equivalence of D-tartaric acid solution (ee =-0.33), 
unfolded P helical ribbons were observed during the first hour 
(Figure 1 c1, c2). After 1 hour, only M helical ribbons with tight 25 

pitches were observed (Figure 1 c2), which transformed into 
twisted ribbons with increasing pitch and reached the equilibrium 
value after about one day. With 4 equivalence of D-tartaric acid 
(ee =-0.60) solution, the P tubular fibers immediately transformed 
to M helical ribbons with small pitches (Figure 1 d1). 30 

Interestingly, these M helical structures transformed to twisted 
ribbons with larger pitches (a few hundred nanometers) after 1 
week (Figure 1 d4). On the macroscopic aspect, initially all above 
samples were translucent solution, and then turned into cloudy 
gel after about 1 hour. Finally, when a large excess of D-tartaric 35 

acid (20 equivalents, ee = -0.90) was added, the fiber structures 
collapsed immediately to form spherical structures (Figure 1 e1). 

They reassembled to M helical ribbons after 30 minutes (Figure 1 
e2), then left handed M helices after a day, (Figure 1 e3) then into 
tubular structures after one week (Figure 1 e4). 40 

 In order to obtain the insight on the chirality inversion at the 
molecular level, the helicity inversion process was monitored by 
chiroptical spectroscopic techniques. The change of the chiral 
anions in the gel was followed by electronic circular dichroism 
(CD), whereas the inversion of the helicity of surfactant bilayers 45 

was evidenced by Raman optical activity (ROA). 
 As we have previously demonstrated, a strong exciton 
coupling between carboxylate groups of tartrate is observed with 
a positive peak at 201 nm and a negative peak at 217 nm for 16-
2-16 L-tartrate gels (green spectra in Figure 2). The effect of 50 

enantiomeric excess on the chiroptical properties of the gels have 
already been demonstrated.18 Decreasing ee caused non-linear 
decrease of the intensity of the cotton coupling between the 
carboxylates. Figure 2 shows the variation of CD signals after 
filtration of D-tartaric acid. As it is clearly seen, the CD signals 55 

change immediately (within minutes) for all cases. 

 
Figure 2. CD spectra of 16-2-16 tartrate with different ee 
changes: (a) 0, (b) -0.60, and (c) -0.90  
For ee=0 immediately after the filtration of D-tartaric acid 60 

solution, the intensity of the two bands at 201 nm and 217 nm 
decreased quickly to about 15% of the original intensity and 
totally disappeared after 4 h (Figure 2a). It is noteworthy that at 
this point, the TEM images still show the presence of twisted 
ribbons with long pitch (≥ 1000 nm). For ee=-0.33, -0.6 (Figure 65 

2b) and -0.90 (Figure 2c) the signs of CD bands at 201 nm and 
217 nm were immediately inverted. These peaks decreased with 
time to about 50-70 % of their initial intensities until they were 
stabilized after few hours. Figure 3 (a) and (b) compare the 
variation of the twist pitch and the difference of CD intensities 70 

for the two bands with time after the addition of D tartaric acid 
for different final ee’s. This figure clearly shows the strong 
correlation between the morphologies of chiral fibers as observed 
by TEM image and the molecular chirality observed with CD 
signals. A detailed analysis of the kinetics of the two data sets 75 

shows however, that the variation of the CD signal is much more 
rapid than the morphology variation. These phenomena suggest 
that the counter-anions on self-assembled amphiphiles were 
exchanged rapidly from L-tartrate to D-tartrate, but the resulting 
structural helicity inversion is much slower.  80 

We also probed the kinetics of supramolecular organization 
during morphology transition using small angle X-ray scattering 
(SAXS). The evolution of the full width at half maximum 
(FWHM) of the correlation peak observed by SAXS around 
0.185 Å-1, characteristic of a repeat distance of molecular packing 85 

of 34 Å, is shown in Figure 3(c). For ee=1, a broad correlation 
peak is observed (supporting information). Upon addition of D-
tartaric acid, these peaks transform to fine peaks. For ee=0, this 
transition is relatively quick (after 30 minutes). For ee=-0.33, the 
transformation to fine peaks is slower, e.g. 2-3 hours. For ee=-90 

0.9, the correlation peak disappears after 30 minutes, then 
reappear again after 1.5 hours. These results agree also with TEM 
observations, namely the unwinding and formation of multilayer 
ribbons for ee=0, of oppositely twisted ribbons for ee=-0.33 after 
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a few hours, and the disappearance of ribbons first, then their re-
formation with opposite handedness after an hour for e=-0.9. 

Previously, we have shown that the chirality of the surfactant 
bilayers can be revealed by vibrational circular dichroism 

 5 

Figure 3. Evolution of (a) twist pitches periods and (b) difference of CD intensities for the two bands at 201 nm and 217 nm, and 
(c) FWHM of SAXS peak at q~0.185 Å-1.with various ee from 1 to 0, 1 to -0.33, 1 to -0.60 and 1 to -0.90 by filtration of opposite 
chiral D-tartaric acid solution through the 16-2-16 L-tartrate gel.
(VCD).18,19 Here, we used the Raman optical activity (ROA), 
which is also sensitive to the amphiphilic moieties of the 10 

molecule. Figure 4 shows the ROA spectra in the 1800-800 cm-1 
spectral range before (Figure 4a) and, at different times (Figures 
4b to 4g), after filtration of 20 eq of D-tartaric acid into a 10 mM 
16-2-16 L-tartrate gel and rinsing with water. ROA contributions 
are observed around 1450 cm-1 and at 1172 and 1138 cm-1 15 

assigned to the bending (δCH2) and rocking (ρCH2) vibrations of 
the long chain methylene groups and to the symmetric stretching 
(νsC-C) vibration of the carbon backbone, respectively.19 
 

 20 

Figure 4. ROA spectra of 16-2-16 tartrate amphiphiles (10 
mM) for ee=1 and for ee=-0.9 after addition of opposite chiral 
D-tartaric acid solution through the 16-2-16 L-tartrate gel. 

The ROA spectrum recorded one day after the counterion 
exchange (Figure 5g) show sign inversion (Figure 4a), revealing 25 

the chirality inversion of the surfactant bilayers. The more 
detailed analysis of the spectra revealed interesting kinetic 
characteristics. During the first hour after the counterion 
exchange, no ROA contribution was observed (Figure 4b), 
suggesting that the chiral structures of the fibers were destroyed 30 

just after addition of D-tartaric acid, in agreement with the TEM 
observation. The maximum intensity of the ROA signal is 
recovered after few hours (5-7 hours). 
 In order to correlate the data from TEM, CD, ROA, and 
SAXS, it is important to understand what happens during the 35 

chirality inversion at molecular level. For this, we recall some 
features of the detailed molecular organization model that we 
have reported previously, using 16-2-16 racemate tartrate self-
assembled multi-bilayer ribbons based on X-ray diffraction, 
vibrational circular dichroism, and molecular modelling.Error! 40 

Bookmark not defined.,20 The dications in the head group of 
gemini amphiphiles composed of N+-C-C-N+ are intrinsically 
achiral but adopt two mirror-image conformations at their head 
groups. According to the planar chiral shape of the ethylene 

spacer from a top view, these conformations are noted Z and 45 

backwardZ, and both conformations are found in the ribbons. L 
or D tartrate has specific interaction with the same gemini 
molecule taking one of the two conformations Z or backwardsZ.20 

Our analysis showed that there are two heterochiral bilayers per 
unit cell, comprised of homochiral monolayers, in which each 50 

gemini conformation has stronger affinity with one of the two 
enantiomers of tartrate. This organization is conserved through 
large morphology transitions from racemic, flat multilayered 
ribbons to chirally twisted, helical ribbons as well as tubules of 
the pure enantiomer. The detailed analysis of the ensemble of 55 

these results indicated that every monolayer is homochiral formed 
with gemini with homogeneous Z or backwardZ conformation 
complexed with D or L tartrate, and the other monolayer of the 
same bilayer is composed of gemini and tartrate of opposite 
chirality (heterochiral bilayer) (Figure 5). In the case of a pure 60 

enantiomer (L for instance), only two bilayers can stack, with 
four monolayers (see Figure 5, ee=1). The two internal 
monolayers share the same chirality, for example L-backwardZ - 
L-backwardZ array of headgroups and tartrate ions. If the 
conformation of the internal monolayers is backwardZ, the 65 

heterochiral bilayer packing requires that the gemini 
conformation of the external leaflets of these double-bilayer 
ribbons is Z, and obviously, the only available tartrate (L) cannot 
be accommodated within the chiral cavity where D tartrates are 
expected. Based on this analysis, the number of bilayers can be 70 

calculated to be as 2/ee. Indeed, for ee=1, there are two bilayers, 
ee=0.5, 4 bilayers …, which agrees well with the TEM 
observation (supporting information) 
 These insights into the molecular-scale packing within 
membrane ribbons shed light on a number of macroscopic 75 

features and their kinetics. In the present case, when 1 to 4 
equivalents of D-tartaric acid is added to 16-2-16 L-tartrate gel 
network, the D-tartrate ions fill the cavities in the outer layer with 
Z conformation. Consequently, it allows the stacking of multi-
bilayers to continue having D-Z and L-backwardZ formations, 80 

which could lead from double-bilayer tubular structure to multi-
bilayer ribbons (SAXS peak refining due to stronger structure 
factor contribution). Since, globally D tartrate will be the 
majority, the inversion of the D-L ratio in the ribbons will occur 
(CD signal inversion) along with the continuous helicity 85 

inversion of the ribbons (TEM). In contrast, when 20 equivalents 
D-tartaric acid is added, the large excess of D-tartrate ions 
interact directly both with the outer layer with Z conformation 
and the inner later with backwardZ layer (CD signal inversion). 
Consequently, double-bilayers along with fiber are destroyed 90 

Page 3 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

during counter-anion exchange just after addition of D-tartaric 
acid. Then the molecular re-assembling occurs with D-Z and D-
backwardZ double-bilayer formation. (TEM, SAXS, ROA). 

Figure 5. Schematic illustration of the change of molecular 5 

organization during morphology transformation. The pink 
and red symbols represent the two conformations of gemini 
molecules, backwardZ and Z, blue and green symbols are D 
and L tartrate.  
In Conclusion, we succeeded in visualizing the in situ chirality 10 

inversion of self-assembled helices in aqueous solution. This 
inversion is induced simply by the addition of tartaric acid 
solution of the opposite enantiomer to the helix suspension of 16-
2-16 tartrate. It was clearly observed that this helix inversion is 
the cooperative result of various transitions, from molecular to 15 

mesoscopic scale, with different kinetics: the chirality inversion 
of tartrate anions, as observed by CD, occurs very quickly. 
Indeed, by the time it took us to add the acid, rinse it, and 
measure the CD signals (about 10 minutes), CD signals were 
inverted for all the samples with ee≠0. The counterion exchange 20 

is immediate when the aggregates are in contact with the opposite 
enantiomers. Meanwhile, the organization of the gemini, as 
observed by ATR or SAXS, takes longer (a few hours). This 
molecular organization accompanies the helicity inversion. For 
ee=-0.9, the initial fibers are destroyed in the first hour before the 25 

reformation of fibers with opposite helicity, as observed by TEM 
and ROA. Morphological helicity inversion process is slow, of 
the order of the days. This study clearly elucidates for the first 
time, the multi-step mechanisms in the chirality inversion of 
molecular aggregates. This work was supported by French CNRS 30 

and Université de Bordeaux. We thank Japan Student Services 
Organization for the PhD student fellowship.  
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