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Self-Assembled Ultralong Chiral Nanotubes and Tuning of Their Chirality
Through the Mixing of Enantiomeric Components
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Abstract: Enantiomeric L- or Dp-gluta-
mic acid based lipids were designed
and their self-assembly was investigat-
ed. It was found that at a certain con-
centration, either L- or D-enantiomeric
derivatives could self-assemble in abso-
lute alcohol to form a white organogel,
which was composed of ultralong nano-
tubes with an aspect ratio higher than
1000. Further investigations revealed
that these nanotubes were in chiral
forms. The chirality of the nanotubes

mers employed. In addition, when D
and L enantiomers were mixed in dif-
ferent ratios, the nanotube could be
tuned consecutively from nanotubes
with a helical seam to nanotwists, the
chirality of which being determined by
the excess enantiomer in the mixed sys-
tems. In the case of an equimolar mix-
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ture of the enantiomers, flat nanoplates
instead of helical nanotubes or nano-
twists were obtained. The FTIR vibra-
tional data and XRD layer-distance
values showed a consecutive change as
a function of the enantiomeric excess.
It was further revealed that the slightly
stronger interaction between D-L enan-
tiomeric pairs than that between D-D
or L-L pairs was responsible for the for-
mation of the diverse self-assembled
nanostructures.

was determined by that of the enantio-

Introduction

Lipid nanotubes have been attracting great interest due to
their unique structural features,! their use as templates for
synthesizing one-dimensional nanomaterials,”! and their po-
tential as drug delivery nanocarriers.’! The first lipid nano-
tube was suggested to be self-assembled from 1,2-bis(10,12-
tricosadiynoyl)-sn-glycero-3-phosphocholine.” Since then,
various organic amphiphiles such as phospholipids,””! gluta-
mate, glycolipids,”! peptide lipids,®! and others””’ have been
designed to construct lipid nanotubes. During the formation
of these nanotubes, the chirality is a frequently encountered

[a] X. Zhu, Dr. Y. Li, P. Duan, Prof. Dr. M. Liu
Beijing National Laboratory for Molecular Science
CAS Key Laboratory of Colloid
Interface and Chemical Thermodynamics
Institute of Chemistry, Chinese Academy of Sciences
Beijing, 100190 (P.R. China)

E-mail: liumh@iccas.ac.cn

[b] Dr. Y. Li
Present address:

College of Chemistry and Chemical Engineering
Xi’an University of Science and Technology
Xi’an, 710054 (P.R. China)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201000595.

WWILEY

8034 —

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

important issue.>!” Both theoretical models™"! and experi-
mental results®'? indicate that the molecules experience
chiral packing to form the high-curvature nanotubes. In ad-
dition, the chiral nanotubes can mimic some biological sys-
tems.!">] Therefore, controlling the chirality of the nano-
tubes is very important. An efficient way to control the chir-
ality of the nanotube is to introduce chiral molecules to the
self-assembling system.!>!% Besides chiral amphiphiles, the
combination of achiral amphiphiles and chiral counterions
also proved to be an effective alternative.'Y! Furthermore,
through the mixing of certain enantiomers with opposite
chirality, nanotubes with tunable chirality can be expected.
Oda et al. reported an excellent example of tunable chirality
in the mixing system of gemini amphiphiles containing coun-
terions with opposite chirality.™ Although the mixing of
two enantiomers is expected to give a more direct control
over the chirality as well as the morphology of the resulting
nanotubes, most studies focus on a 1:1 mixture of enantio-
mers or racemates,'*! which tends to form either a mixture
of right-handed and left-handed helices!™ or platelets'® and
tubular'” structures that do not express macroscopic chirali-
ty. Unfortunately, detailed data concerning the assembling
behavior of enantiomers other than 1:1 mixtures are scarce.
Herein, we describe how we designed two enantiomeric
lipids with opposite chirality and directly tuned the chirality
as well as the morphology of the lipid nanotubes through
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mixing of the two simple enantiomers at various molar
ratios. These consecutive changes of the chirality in the
mixed systems were further confirmed by the characteristic
vibration bands and distances between the layers of molecu-
lar-level chiral interactions. Such tuning of the chirality as
well as the morphology may provide an important clue for
the folding and unfolding of proteins.

Results and Discussion

Molecular design: The molecular structure of the designed
amino acid based lipids, N,N'-bis(octadecyl)-L-glutamic dia-
mide (LGAm) and its enantiomer DGAm, is shown in Fig-
ure la. The enantiomers were synthesized from the amida-
tion of the fert-butoxycarbonyl (Boc)-protected L- or p-glu-
tamic acid with octadecylamine, followed by elimination of
the Boc group to free the amino group."® With such a mo-
lecular design, the compounds possess a head group with
multiple hydrogen-bond sites, such as the amide and free
amino groups, and two saturated alkyl tails with strong hy-
drophobic interactions. These potential hydrogen-bond sites
make it easy for the enantiomers to self-assemble. In addi-
tion, the hydrogen-bonding interactions between the homo-
chiral enantiomers might be slightly different from those be-
tween heterochiral enantiomers, which could lead to differ-
ent morphologies.

Self-assembly of pure enantiomer: The self-assembly of the
compounds proceeds through a solvent-mediated process.
At room temperature, only a small amount of the compound
dissolved in ethanol. Upon heating to the boiling point of
ethanol, the compounds became soluble and formed a trans-
parent solution. After cooling down to room temperature,
precipitates or organogels were formed depending on the
concentration of the solution.

When the concentration was less than 1mgmL~!
(0.0015m), a precipitate was essentially formed. White
opaque organogels were always formed when the concentra-
tion exceeded 19.5 mgmL™' (0.03M); this was confirmed by
inverting the test tube and no solvent flowed (Figure S1 in
the Supporting Information). This means that the critical ge-
lation concentration (CGC) of the amphiphile is 0.03M or
so. Since the precipitate could separate out from quite a
dilute solution (1 mgmL™', 0.0015Mm), organized structures
are suggested to be formed even before the CGC. There-
fore, we have recorded the scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images
for the LGAm samples prepared from either the xerogel or
the air-dried suspensions formed at lower concentrations.

Figure 1 shows the morphological pictures of the nano-
structures formed under different conditions. At a low con-
centration of 1 mgmL™!, various nanostructures are formed.
Nanosheets are essentially formed with some twisted nano-
strips and nanotubes. The nanotubes are not uniform and
some bamboo-like morphologies are observed. Upon in-
creasing the concentration of the solution, similar nanostruc-
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Figure 1. a) Molecular structure of the enantiomer of LGAm. b)-g) SEM
images of self-assembled LGAm nanostructures from ethanol under dif-
ferent conditions: b),c),d) 0.0015m, ¢)0.03M before gelation, f),g) 0.03m
after gelation. h) TEM images for the organogels formed by LGAm with
ethanol at 0.03m. i) XRD of LGAm xerogel from ethanol.

tures with an increased number of nanotubes were formed.
Perfect nanotubes with higher aspect ratio and uniform di-
ameter as well as thickness were obtained when the concen-
tration of LGAm was increased to 20 mgmL~'. The TEM
images indicate that the nanotubes have a wall thickness of
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(45.6+1.0) nm, an outer-sphere diameter of (116.7+
1.3) nm, and an inner sphere of (23.7+1.2) nm. The length
of the nanotubes extends to several-hundred micrometers,
with an aspect ratio greater than 1000 (see Figure S2 in the
Supporting Information).

To further disclose the structures of the nanotubes, the xe-
rogel was cast on quartz plates and measured using X-ray
diffraction (XRD). Well-defined diffraction patterns were
observed and all these diffraction peaks can be assigned as
00/ diffractions, which extend to 0012 (Figure 1i showed
only to 009). According to the Bragg equation 2dsin6=nA,
the layer distance is estimated to be 4.16 nm. Based on the
CPK space-filling model of the compound, this value corre-
sponds to the d-spacing value of LGAm in a bilayer struc-
ture. Since the width of the nanotubes is around 45 nm, as
revealed by TEM images, it can be inferred that the nano-
tubes were rolled up from the orderly accumulated multiple
bilayers (10 bilyers or so). For LGAm, the rolling direction
is always in the right-handed sense as shown in Figure 1c.

The D enantiomer (DGAm) showed the same self-assem-
bly behavior (see Figure S3 in the Supporting Information)
and the formed nanotubes have a wall thickness of (36.6+
5.4) nm, an outer diameter of (101.6+3.4) nm, and an inner
diameter of (24.4+3.0) nm. As expected, these nanotubes
showed an opposite chirality, which is a left-handed one. To
sum up, the L enantiomer formed right-handed nanotubes
whereas the D enantiomer made left-handed ones. This fur-
ther indicates that the pure enantiomeric lipid molecules
adopted a chiral-packed form in these self-assembled nano-
tubes, the supramolecular chirality of which was determined
by the chirality of the corresponding molecule.['™!2%

Tuning chirality and morphologies: Interestingly, when we
mixed the two enantiomers in different proportions, the
morphologies of the self-assembled nanostructures showed a
continuous change from left-handed nanotubes through
twist ribbons and nanosheets to right-handed nanotubes
along with an increase of the enantiomeric excess values in
succession. The chirality of the nanotubes can be tuned by
the choice of enantiomer and such change is clearly shown
in Figure 2. Previously, Oda"¥ et al. realized tunable chirali-
ty by mixing chiral tartrate with cationic gemini amphi-
philes. It was suggested that the continuous mixing of enan-
tiomers is unique to tartrate amphiphiles because simply
mixing enantiomers of chiral amphiphiles generally leads to
the precipitation of the racemate or to their phase separa-
tion in helices of opposite handedness."*! Fortunately, with
rational design of the molecules, we, for the first time, have
shown that the mixing of two simple enantiomers is also ef-
fective in tuning the chirality of the formed nanotubes.
Figure 2 shows the SEM pictures of such mixtures with
various ratios of the enantiomers. Several important features
are seen. First, whereas the pure enantiomers formed per-
fect nanotubes, the mixture showed a difference in their
nanostructures. When 5% L enantiomer was mixed with
95% D enantiomer, the nanotubes still formed with a clear
left-handed helical seam. The nanotubes changed into nano-

8036

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. SEM images of DGAm/LGAm gels at different molar ratios
(D/L): a)100:0 (pure DGAm), b)95:5, c)75:25, d)50:50, e)?25:75,
f) 5:95. Scale bars: 1 um.

twists, but still with left-handedness, when 25% of the L-
enantiomer was used. With a further increase of the propor-
tion of L enantiomer, the twist became weak. In a 1:1 mix-
ture, a uniform plate was observed instead of the twist.
When the L enantiomer was used in an excess amount in
mixtures, the twist was observed again but with changed
handedness. When the amount of the L enantiomer reached
95%, right-handed helical nanotubes were formed. These
morphological changes clearly demonstrated a serial tuning
of the chirality of the resulting twists and nanotubes. The re-
sults further revealed that the chiral nanostructures were
clearly determined by the chirality of the major component,
that is, the chirality of the nanostructure obeys the “majority

rule”."]

FTIR studies: To get further insight into the mixing effect,
FTIR spectra were obtained for the nanostructures formed
at different mixing ratios, as shown in Figure 3 and Table 1.
For the pure enantiomer, for either LGAm or DGAm, the
asymmetric and symmetric CH, stretching vibrations ap-
peared at 2919 and 2851 cm ™', respectively, which suggests
that the alkyl chain packed in an all-trans conformation.!
The stretching vibration of the N—H was observed at around
3326 cm™!, which indicates that both the amino groups and
the amide groups are in the hydrogen-bonded form.[ > All
the amide I and amide II bands appeared at around 1636
and 1532 cm™', which indicates that both C=O and N—H are
in the hydrogen-bonded form, too."'*! These FTIR spectral
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Figure 3. FTIR spectra of DGAm/LGAm gels at different molar ratios
(D/L): a) 100:0, b) 95:5, ¢) 75:25, d) 50:50, e) 25:75, £) 5:95, g) 0:100.

Table 1. Main vibration bands [cm~'] in the FTIR spectra of DGAm/
LGAm gels at different molar ratios.

p/Ll vNH »(CH,)n Amide I Amide 11 6(CH,)
0:100 3326 2919, 2851 1636 1531 1471
5:95 3311 2919, 2851 1633 1530 1471
25:75 3306 2919, 2851 1631 1543 1469
50:50 3302 2918, 2851 1633 1544 1469
75:25 3306 2919, 2850 1631 1543 1470
95:5 3315 2919, 2851 1633 1537 1470
100:0 3326 2919, 2851 1636 1532 1471

[a] p/L denotes DGAmM/LGAm at different molar ratios; 0:100 is pure
LGAm and 100:0 is pure DGAm.

features indicate that multiple hydrogen bonds between
head groups together with the closely packed tails among
the pure enantiomeric molecules are the driving force for
the formation of chiral multi-bilayers and supramolecular
nanotubes.

When different molar ratios of the L and D enantiomers
were mixed, the FTIR spectra showed an interesting varia-
tion: the asymmetric and symmetric stretching vibrations of
CH, always appeared at 2919 and 2851 cm™', respectively,
which suggested that the alkyl chains are still closely packed
in an all-trans conformation.” This indicates that in the
enantiomeric mixtures, the alkyl tails of DGAm molecules
could contact those of the LGAm molecules in the same
way as in pure enantiomers (DGAm or LGAm). However,
the N—H stretching vibrations tended to shift to lower wave-
numbers, and the amide I and amide II simultaneously shift-
ed to lower and higher wavenumbers, respectively. In the
case of a 50:50 mixture, we see the largest wavenumber
shifts, that is, the N—H vibration has shifted to 3302 cm™,
and the amide I and amide II to 1633 and 1544 cm™", respec-
tively. In pure enantiomer assemblies, the hydrogen bond is
based on the head groups of L-L or p-D pairs; whereas in
mixtures of b and L enantiomers, the hydrogen bond could
also occur between the p-L pairs. The changes of the vibra-
tion bands in the enantiomeric mixture indicate that upon
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mixing, the hydrogen-bonding interactions between D and L
enantiomers (D-L pairs) are stronger than those between 1
L pairs or b—D pairs.

XRD studies: As discussed above, perfect nanotubes are
composed of multiple bilayers as revealed by X-ray diffrac-
tion. X-ray diffraction analyses were also carried out for the
other assemblies (Figure 4). It was found that orderly, organ-
ized bilayer structures essentially existed in every enantio-
meric mixture regardless of the composition. Although
some of the xerogels showed two kinds of d-spacing values,
which might be due to the deviated packing of the alkyl
chain, d-spacing values showed a similar consecutive change
relative to the mixing ratios. That is, there was a minimum
layer distance for pure enantiomer (4.16 nm for LGAm),
and a maximum value for the racemic mixture (4.85 nm for
DGAm/LGAmMm=50:50 (mol%)). This means that during
the self-assembly through hydrogen bonds, the chiral inter-
actions between the enantiomeric molecules cause them to
pack at a nonzero angle with respect to their nearest neigh-
bors.'™ In the intermediate multi-bilayers, a large number of
such chiral interactions accumulate more and more, so that
when the helical torsion force becomes strong enough, it
causes the layer structures to twist in one energetically pref-
erable orientation.™ The intermediate multi-bilayers ulti-
mately roll into chiral nanotubes (here, LGAm made right-
handed ones and DGAm formed left-handed ones). It is
clear that for pure enantiomers, the molecules were in the
torsional conformation most suited to their chiral nature
and the helical torsion force was the strongest in their bilay-
ers. And thus, perfect chiral nanotubes without any helical
seams were finally formed and the minimum d-spacing
value of the bilayers was obtained. When a certain amount
of the opposite handed enantiomer was involved, the forma-
tion of racemic D-L pairs formed took priority since the hy-
drogen bonds of D-L pairs are stronger than those of either
L-L or D-D pairs. This means that the helical torsion force
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Figure 4. X-ray diffraction spectra of DGAm/LGAm gels at different
molar ratios (D/L): a) 100:0, b) 95:5, c) 75:25, d) 50:50, e) 25:75, f) 5:95,
g) 0:100.
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among the resulting layer structures decreased. Therefore,
the helical seams of the nanotubes survived in the 95:5 or
5:95 mixtures and nanotwists formed when more enantio-
mers with opposite chirality were involved. In the racemic
mixtures, the chiral interaction between racemic D-L pairs
was stronger and the interactions between pD—D or L-L pairs
were suppressed. In this case, no helical torsion force existed
throughout the entire bilayers. Thus, only flat plates as well
as the maximum d-spacing value of the bilayers was ob-
tained.

Assembly mechanism: To better understand the role of the
chiral interaction in such hierachical self-assemblies, we can
view all these data with respect to the enantiomeric excess.
The enantiomeric excess has been used to evaluate the chir-
ality effect,'* which is defined here as Ep;=
(DL—Dp)/(P +Pp), in which @, and @, are the relative
molar concentrations of LGAm and DGAm, respectively.
The Ep; value can be from —1 to 1, which represents the
pure D or L enantiomer, respectively. An Ep,; value of zero
means a racemic mixture of LGAm and DGAm.

Figure 5 shows a correlation of several experimental data
of the self-assembled nanostructures, such as the vibration
bands of the N—H stretch, amide I and amide II, and the
layer distances to the Ep,; values. Clearly, every one of
these parameters showed a nearly symmetrical curve in a U
shape or inverse-U shape (N shape), with a minimum or
maximum value at Ep,; =0. This clearly indicated that in the
enantiomeric mixtures, the p—L interaction is stronger than
that of either the L-L or p-D interaction. Therefore, the
strongest hydrogen bond and the lowest d-spacing value of
bilayers emerged in the racemic mixtures. Subsequently,
achiral flat nanoplates were formed. Once a small excess of
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Figure 5. The correlative plot of the vibration bands of N—H, amide I,
and amide II and the d spacing of the nanostructures in the mixed gels
against the enantiomeric excess value (Epy): (V) the stretching vibration
bands of N—H; (@) the amide I bands; (m) the amide II bands; (2) the d-
spacing values. The cartoon upside is the relevant morphologies of the
self-assembled nanostructures.
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one enantiomer exists, the balance of the chiral interaction
between two enantiomers will be broken in the resulting bi-
layers. As a result, the chiral nature of the molecular blocks
(LGAm or DGAm) is expressed in the supramolecular-level
structures, and nanotwists or helical nanotubes were formed.
In the case of the pure enantiomers, seamless nanotubes
were obtained.

Based on these results and analyses, the formation and
tuning of the chirality of the nanotubes can be illustrated as
shown in Scheme 1. The lipid molecules have strong hydro-

Eyp =1

E,, =09

O rorae
Ep,=0.5

\’,

Epp=0

Scheme 1. The proposed mechanism for the formation of various nano-
structures. The red and green head groups represent the L and D enantio-
mers, respectively. When pure L enantiomer self-assembled, a helical
nanotube was formed (top). When some D enantiomer (green) was
added, some of the enantiomers formed the racemate (yellow). The
excess amount of L enantiomer drove the formation of nanotubes with a
helical seam (right, second from the top) and twists. When equimolar
amounts of enantiomers were mixed (Ep; =0), only a plate was formed
(bottom). Here only one bilayer out of the multi-bilayers is showed for
clarity.

gen bonds between the head groups as well as hydrophobic
interactions among the tails and are packed into intermedi-
ate plates, which consist of many bilayers. Due to the chiral
nature of the formed layers, the plate rolls up into a nano-
tube. Since the nanoplates were composed of multiple bilay-
er structures as repeat units, they rolled into very long and
multilayered thick-walled nanotubes. The handedness of the
molecules controlled the chirality of the nanotube. Thus, an
L enantiomer formed a right-handed nanotube, whereas a D
enantiomer formed a left one. When two enantiomers were
mixed, the interactions between the L-L or b-D enantiomers
were weaker than those between the pD-L enantiomers. Thus,
pD-L preferred to mix with each other. Such mixing caused
the formation of the multibilayer plate structures, as verified
by the 1:1 mixtures. Since there is no enantiomeric excess,
the 1:1 mixture formed the plate only. However, when there
is an excess of an enantiomer, the plate twists, and the direc-
tion of the twist is determined by the excess enantiomer,
which means the coassembly of the enantiomers obey the
“majority rule”. Thus, upon mixing the enantiomers in dif-
ferent ratios, we are able to tune the chirality of the nano-
tubes and realize hierachical self-assemblies.

Chem. Eur. J. 2010, 16, 8034 —8040
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Conclusion

Two enantiomeric L- or D-glutamic acid based lipids were
designed. The pure enantiomers could self-assemble into ul-
tralong helical nanotubes in ethanol through gel formation,
and the chirality of the gel is determined by the chirality of
the enantiomer. When the two enantiomers were mixed in
different ratios, the self-assembled nanostructures experi-
enced morphological changes from nanotubes to nanotubes
with a helical seam, nanotwists, and finally nanosheets and
the chirality of these nanostructures was able to be tuned by
the excess enantiomer. A series of characterizations such as
SEM, TEM, FTIR, and XRD revealed that the chiral inter-
actions in these enantiomers played an important role in
forming the corresponding nanostructures. The slightly
stronger interactions between D-L enantiomeric pairs rela-
tive to that of p—p or L-L pairs determined the formation of
the diverse self-assembled nanostructures.

Experimental Section

Instruments and methods: 'H NMR spectra were recorded on a Bruker
AV400 spectrometer. Matrix-assisted laser desorption ionization time-of-
fight mass spectrometry (MALDI-TOF MS) were recorded on a BI-
FLEIII instrument. Elemental analysis was performed on a Carlo-Erba-
1106 instrument. Scanning electron microscopy (SEM) was performed on
a Hitachi S-4300 FE-SEM microscope and transmission electron micros-
copy (TEM) images were obtained on a JEM-2011 electron microscope
operating at accelerating voltages of 15 and 200 kV, respectively. Fourier
transform infrared (FTIR) spectra were recorded on a Bruker Tensor 27
FTIR spectrometer at room temperature. X-ray diffraction (XRD) was
achieved on a Rigaku D/Max-2500 X-ray diffractometer (Japan) with
Cu/y, radiation (1=1.5406 A), which was operated at 45 kV, 100 mA.

Chemicals and synthesis: All commercial chemicals were used as re-
ceived. The synthesis and characterization of the precursors N,N'-bisocta-
decyl-L-Boc-glutamicdiamide (LBG) and N,N'-bisoctadecyl-pD-Boc-gluta-
micdiamide (DBG) have been reported previously by our group.*

N,N'-Bisoctadecyl-L amicdiamide (LGAm):"™® LBG (3.575¢g,
4.77 mmol) in CH,Cl, (50 mL) and trifluoroacetic acid (TFA; 8 mL) was
stirred at room temperature for 3 h. Then, after removal of CH,Cl, and
excess TFA using a rotary evaporator, the remains were dissolved in tet-
rahydrofuran (THF), and subsequently poured into the prepared saturat-
ed NaHCO; aqueous solution to get a white solid suspension. This was
filtered and vacuum dried to give the crude product (2.990 g). Recrystal-
lization in THF (3x80 mL) afforded the white pure product (2.600 g,
83.95%). 'H NMR (CDCl,, 400 Hz): 6 =0.86-0.89 (t, 6H), 1.25 (m, 60H;
CH,), 1.47-1.50 (m, 4H; CH,), 1.85 (s, 2H; NH,), 1.92-1.97 (q, 2H;
CH,), 2.30-2.35 (m, 2H; CH,), 3.19-3.25 (m, 4H; CH,), 3.43-3.47 (t, 1H;
CH), 6.11 (s, 1H; NH), 7.36 ppm (s, 1H; NH); MALDI-TOF MS: m/z
caled for CyHg:N;O,: 650.12 [C4HgN;O,+Na] *, 672.64
[C4HgN;O4+K]* , 688.75; found: 650.8 [C,HgN;O,+Na]t, 672.8
[CHgN;0,+K] T, 688.8; elemental analysis caled (%) for C, Hg;sN;O,: C
75.75, H 12.87, N 6.46; found: C 75.59, H 12.67, N 6.20.

N.N'-Bisoctadecyl-D-aminoglutamicdiamide (DGAm):"®! DBG (3.482 g,
4.64 mmol) in CH,Cl, (50 mL) and TFA (8 mL) was stirred at room tem-
perature for 3 h. Then, after removal of CH,Cl, and excess TFA using a
rotary evaporator, the remains were dissolved in THF, and subsequently
poured into the prepared saturated NaHCO; aqueous solution to get a
white solid suspension. This was filtered and vacuum dried to give the
crude product (2.900 g). Recrystallization in THF (3x80 mL) afforded
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the white pure product (2.535 g, 84.02%). '"H NMR (CDCl,, 400 Hz): 6 =
0.86-0.89 (t, 6H), 1.25-1.28 (m, 60H; CH,), 1.47-1.50 (m, 4H; CH,), 1.75
(s, 2H; NH,), 1.91-1.97 (q, 2H; CH,), 2.30-2.34 (m, 2H; CH,), 3.19-3.25
(m, 4H; CH,), 3.42-3.45 (t, 1H; CH), 6.12 (s, 1 H; NH), 7.36 ppm (s, 1 H;
NH); MALDITOF MS: m/z caled for CyHgN,0,: 650.12
[CyHyuN;O,+Na]*, 672.64 [C,HgN,0,+K]*, 688.75; found: 650.8
[CyHgN;O,+Na]*, 672.8 [C,HgN;O,+K]*, 688.8; elemental analysis
caled (%) for CyHgN,O,: C 75.75, H 12.87, N 6.46; found: C 75.54, H
12.55, N 6.41.

Self-assembly experiments: A certain amount of pure LGAm with 1 mL
absolute alcohol (the molar concentration of LGAm was 0.0015, 0.005,
0.01, 0.02, 0.0275, 0.03, 0.04, 0.07 mol L’l) was put into a seal-capped vial
and heated up to 75°C for 3 min to make a uniform transparent solution.
After the solution had been spontaneously cooled down to room temper-
ature (25°C, the cooling rate was about 10°Cmin '), white precipitates
were obtained from the samples with a lower concentration (0.0015,
0.005, 0.01, 0.02 molL™") and stable opaque gels were always obtained
when the concentration was higher than 0.03 molL™, as estimated by an
inversion test (the solution did not flow when the test tube was inverted).
Subsequently, all the samples were left standing to let them fully age for
about 12 h under ambient conditions before being measured. The same
experimental procedure was carried out for DGAm. To get xerogels, the
fully aging gel was transferred from sample vials to quartz plates, air
dried for 30 min, and vacuum dried for 12 h.

Chirality tuning experiments: With the total molar concentration kept at
0.03 molL ", a series of enantiomeric mixtures DGAm/LGAm at specific
molar ratios (100:0, 95:5, 75:25, 50:50, 25:75, 5:95, 0:100) was put into 7
seal-capped vials and absolute alcohol (1 mL) was added, respectively.
After being heated up to 75°C for 3 min to make a uniform transparent
solution, and then spontaneously cooled down to room temperature
(25°C, the cooling rate was about 10°Cmin~"), 7 opaque gels with differ-
ent enantiomeric compositions (—1, —0.9, —0.5, 0, 0.5, 0.9, 1) were pre-
pared and subsequently aged for about 12 h under ambient conditions
before being measured.

SEM and TEM measurements: The fully aging gel was cast onto single-
crystal silica plates (Pt coated) and carbon-coated Cu grids (unstained),
and the trapped solvent in the gel was evaporated under ambient condi-
tions first, and then vacuum dried for 12 h. After that, the measurements
were obtained on Hitachi S-4300 FE-SEM and JEOL EM-2011 instru-
ments operating at accelerating voltages of 15 and 200 kV, respectively.

XRD and FTIR spectra: Xerogel films on quartz plates were used for
the XRD measurements, which were performed on a Rigaku D/Max-
2500 X-ray diffractometer (Japan) with Cuy, radiation (1=1.5406 A), op-
erated at 45kV, 100 mA. The KBr pellets made from the vacuum-dried
xerogels were used for FTIR spectra measurements, which were recorded
on a Bruker Tensor 27 FTIR spectrometer under ambient conditions.
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