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Abstract: To control supramolecular chirality of the co-as-

sembled nanostructures, one of the remaining issues is
how stoichiometry of the different molecules involved in

co-assembly influence chiral transformation. Through co-
assembly of achiral 1,4-bis(pyrid-4-yl)benzene and chiral

phenylalanine-glycine derivative hydrogelators, stoichiom-

etry is found to be an effective tool for controlling supra-
molecular chirality inversion processes. This inversion is

mainly mediated by a delicate balance between intermo-
lecular hydrogen bonding interactions and p–p stacking

of the two components, which may subtly change the
stacking of the molecules, in turn, the self-assembled

nanostructures. This study exemplifies a simplistic way to

invert the handedness of chiral nanostructures and pro-
vide fundamental understanding of the inherent principles

of supramolecular chirality.

Supramolecular chirality is of vital importance in the fields of
biological processes,[1] medicine,[2] asymmetric catalysis,[3] chiral
recognition and separation.[4] The creation of artificial chiral

structures in relation to molecular design and self-assembly
from either amphiphiles,[5] C2/C3-symmetric molecules,[6] p-
conjugated molecules,[7] or multiple molecular components[8]

are extensively investigated. For example, the controlled supra-
molecular chirality in chiral systems has been documented

upon co-assembly with achiral molecules,[9] which is very
useful for understanding the origin of chirality in supramolec-
ular systems or in biological research.[10] Nevertheless, there is
still a key question to be answered, that is, the influence of

stoichiometric ratio of achiral molecules on supramolecular
chirality and the related interaction mechanism, which is a criti-
cal issue to clarify the relationship between supramolecular
and molecular chirality in biological systems.[11]

Supramolecular chirality describes the chirality of the supra-

molecular regimes based on non-covalent interactions such as
hydrogen bonding, van der Waals interactions, hydrophobic in-

teractions, p–p stacking and so on.[12] These interactions pro-

vide an opportunity to regulate the supramolecular chirality in

self-assembled systems. Chirality inversion driven by external
stimuli has already been reported.[6a, 13] Typically, the control-

lable chirality of supramolecular structures triggered by achiral
molecules opens up great possibilities for the design and fabri-

cation of functional chiral materials.[9] However, non-covalent

interactions in two-component systems are usually influenced
by stoichiometric ratio because of stereoeffect and available

bonding positions, which has great influence on the properties
of composite hydrogels, such as morphologies, mechanical

properties and chirality.[14] Among them, there are scarcely any
reports on how stoichiometry influences chiral transformation

of co-assembled hydrogels, for example, the chirality control of

zinc bisporphyrin systems.[15] However, the control is mainly
regulated by coordination interactions, which can only be ap-

plied for specific systems. Therefore, the control of supermo-
lecular chirality by stoichiometry under common non-covalent

interactions (e.g. , hydrogen bonds) is still a challenge.
Here, the co-assembled systems composed of C2-symmetric

phenylalanine-glycine-based enantiomers (left-handed LPPG

and right-handed DPPG) and bipyridines (DPa, DPe and DPb;
Scheme 1, take LPPG as an example) are developed. PPG (LPPG

or DPPG enantiomers) with DPa or DPe cannot form chiral
nanostructures. A phenomenon of chirality inversion induced
by stoichiometry in PPG/DPb system is observed, which is also
synchronized with the molecular chiral-interaction inversion. It

Scheme 1. Molecular structures of LPPG and bipyridines (DPx), and schemat-
ic illustration of nanostructures co-assembled from LPPG with achiral bipyri-
dines (DPa, DPe and DPb) at different ratios. M and P denote left- and right-
handed chiral nanostructures, respectively.
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is found that the intermolecular hydrogen bonds and p–p

stacking between the enantiomers and the achiral molecules

are crucial factors for the inversion. For PPG/DPb = 1:1, strong
carboxylic acid-pyridine hydrogen bonds are formed, which

drive the building blocks to co-assemble in a head-to-tail fash-
ion. Whereas for PPG/DPb = 1:2, one pyridyl of DPb form an H-

bond with PPG, and the other is free in PPG/DPb complex,
leading to the formation of 1D aggregates with strong exciton

coupling owing to the large conjugated structure of DPb.

These two kinds of packing models further induce different
chiral rearrangements for the assemblies. The study may devel-

op a methodology to simulate chirality related interactions in
biological or self-assembled aggregates just by optimizing the

stoichiometry of the assembled complexes.[16]

LPPG and DPPG were synthesized through a conventional

liquid-phase reaction according to our previous work (Support-

ing Information, Figures S1–S6).[17] DPa, DPe and DPb are com-
mercially available. The self-assemblies of PPG with bipyridines

were performed in aqueous solution by a heating and cooling
process. A racemic mixture of PPG was not used in this study.

Both LPPG and DPPG self-assembled into white nanofibrous
hydrogels (Figures S7 and S8). Bis(pyridinyl) derivative (DPa,

DPe or DPb) was then mixed with PPG in different molar ratios

(Figure S7). Solutions were formed for PPG/DPa. Transparent
hydrogels and solutions were formed for PPG/DPe = 1:1 and

1:2, respectively. In contrast, white hydrogels were presented
for PPG/DPb, but some of DPb precipitated out when the ratio

was above 1:2. The minimum gelation concentrations (based
on a tube inversion method) of PPG, PPG/DPe = 1:1 and PPG/

DPb = 1:1 (or 1:2) were 0.2, 0.1, and 0.05 % w/v, respectively. All

of the hydrogels were stable at room temperature for months.
Rheological studies further revealed hydrogel formation of PPG

with DPe or DPb (Figure S9). The storage modulus (G’) was
larger than the loss modulus (G“), suggesting an elastic rather

than viscous material and a rheological feature associated with
gel materials.[18] Compared with PPG hydrogel, the detected

values of G’ and G” were approximately an order of magnitude

larger, indicating a better mechanical stability for the co-as-
sembled hydrogels.

The self-assembled nanostructures from PPG/DPx hydrogels
were studied by scanning electron microscopy (SEM) measure-

ments (Figures 1 and S10–S13 in the Supporting Information).
To systematically investigate the nature of the assembly of

PPG/DPb, we varied the mixing ratio continuously. At LPPG/
DPb = 1:0.5, the nanofibers started to twist left (Figure S10a).
On further increasing the amount of DPb, uniform left-handed

(M) twisted ribbons with a pitch of about 0.41 mm and a width
of about 90 nm were observed for LPPG/DPb = 1:1 (Figures 1 a

and S10b). However, continuous increase in molar ratio (LPPG/
DPb = 1:1.5) derived the simultaneous formation of both left-

and right-handed twists (Figure S10c). Unexpected right-

handed (P) twisted ribbons or big twists with pitches of 0.77–
4.51 mm and widths of 90–730 nm were achieved for LPPG/

DPb = 1:2 (Figures 1 b and S10d). By contrast, the nanofibers
started to twist right for DPPG/DPb = 1:0.5 (Figure S10e) and

right-handed twisted ribbons with a pitch of about 0.24 mm
and a width of about 70 nm were formed for DPPG/DPb = 1:1

(Figures 1 c and S10f). Increasing the molar ratio of DPPG/DPb

to 1:1.5, both left- and right-handed twists were also obtained

(Figure S10g). Left-handed twisted nanoribbons for DPPG/
DPb = 1:2 were identified that were 0.52–2.46 mm in chiral

pitches and 80–620 nm in widths (Figures 1 d and S10h). We
also found that thick fibrillar bundles and flat ribbons were

formed by the intertwining of a few long slender twists, sug-
gesting that the gelator molecules tend to self-assemble along

the 1D fibrillar direction (Figures 1 c and S11). These results in-

dicated that nanoscale twists of opposite handedness could be
generated with the variation of stoichiometric ratio of the two

components. PPG/DPa exhibited irregular nanostructures at
both investigated stoichiometries (Figure S12). A possible inter-

pretation for this may lie in the flexibility of DPa, which lacks
the required rigidity to support the 3D framework of the self-

assembled supramolecular structures. Non-chiral nanofibers of

several micrometers in length were formed for PPG/DPe = 1:1
(Figure S13a, c), whereas irregular nanostructures and nano-

fibers were both formed for PPG/DPe = 1:2 (Figure S13b, d). All
these results strongly suggested that the PPG molecules could

interact with all three DPx molecules, giving rise to distinct co-
assembly behaviors according to the structural differences of

DPx and the stoichiometric ratio of the two components.

Circular dichroism (CD) spectra were employed to further
characterize the nanoscale chirality. For LPPG hydrogels, a posi-

tive Cotton effect was observed at 276 nm, which was as-
signed to the intramolecular transitions from the amide linkage

to the central aryl group,[9a] whereas the DPPG hydrogels ex-
hibited a negative Cotton effect at 279 nm (Figure S14 in the

Supporting Information). For LPPG/DPb hydrogels, significant

CD signals were obtained (Figure 2 a). At LPPG/DPb = 1:1, the
positive Cotton effect of LPPG at 273 nm and two new cotton

effects (@/ +) at 316 and 366 nm appeared, which correspond-
ed to the electronic transition of the DPb rings (Figure S15c).

However, a negative Cotton effect of LPPG at 258 nm and two
new cotton effects (+ /@) at 289 and 327 nm of DPb were

Figure 1. SEM images of: a) left-handed twisted ribbons in the LPPG/
DPb = 1:1 xerogel, b) right-handed twisted ribbons in the LPPG/DPb = 1:2 xe-
rogel, c) right-handed twisted ribbons in the DPPG/DPb = 1:1 xerogel, and
d) left-handed twisted ribbons in the DPPG/DPb = 1:2 xerogel.
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found for LPPG/DPb = 1:2. In the case of DPPG/DPb, the mirror

images of the CD spectrums were obtained (Figure 2 b), indi-

cating a distinct p–p stacking mode for PPG/DPb = 1:1 com-
pared to that for PPG/DPb = 1:2. With increasing ratio of PPG

to DPb from 1:0.5 to 1:1, the CD signal gradually became
stronger without shift (Figure S15a), ascribing to the gradual

co-assembly of the mixtures. The CD spectral profiles were also
inverted and gradually increased in intensity accompanied by

blue-shift when adjusting the ratio of PPG/DPb from 1:1.5 to

1:2 (Figure S15b). The results were in good agreement with
the SEM results. Moreover, the maximum absorption peak at

305 nm in the UV/Vis spectra for PPG/DPb = 1:1 because of the
p–p transition of DPb was blue-shifted to 287 nm for PPG/

DPb = 1:2 correspondingly, meaning that the p–p stacking in-
teractions weaken (Figure S15c). For PPG/DPe (Figure S16a in

the Supporting Information), a new Cotton effect emerged

compared to PPG and the intensity increased with red-shift
when the ratio was changed from 1:0.5 to 1:1. Moreover, the

CD signals gradually decreased in intensity accompanied by
red-shift without inversion by increasing ratio of PPG/DPe from
1:1.5 to 1:2. PPG/DPa also showed CD signals different from
PPG (Figure S16b). However, PPG/DPe and PPG/DPa did not ex-
hibit obvious chiral nanostructures. These indicate that DPb in-

duced more effective expression of chirality in the assemblies
than DPe and DPa. Furthermore, the reversed supramolecular
chirality of PPG/DPb at different ratios results from the forma-
tion of distinct aggregates of opposite handedness, and the
presence of larger conjugated structure and more planar back-
bones in DPb induce a more-efficient p–p stacking that stabi-

lize the chiral aggregates than that of DPa and DPe, which
lead to the chirality transfer and inversion.

To investigate the gel behaviors and the assembly mecha-
nism of these nanostructures, 1H NMR in D2O were measured
(Figures S17–S20 in the Supporting Information). For PPG/DPb

system, because of the strong electron absorbing effect of the
carboxyl groups in the PPG structure, the signals of the hetero-

aromatic protons in DPb were steadily shifted downfield (e.g. ,
proton a of the pyridine ring is shifted from 8.50 to 8.61 ppm,

and proton b of the pyridine ring is shifted from 7.69 to
7.95 ppm; Figure S18). This suggested that hydrogen bonds
were formed between the pyridinyl moiety and carboxyl group
in the co-assembled hydrogel system. The broadening and de-
crease in the intensity of the NMR resonance signals can be in-
terpreted as an indication of a restricted freedom of motion.[19]

The signal resonance of proton c from phenyl rings of DPb dis-
appeared, maybe because it was also shifted downfield and
overlapped with proton b. To support this, the temperature-
dependent 1H NMR spectra of PPG/DPb = 1:1 hydrogel are
shown in Figure S17. The signals were strongly broadened in

the gel state and gradually became sharper and stronger with
increasing temperature, owing to the dissociation of self-as-

sembled aggregates. Especially, a new signal appeared at

about 7.84 ppm which should be ascribed to the signal reso-
nance from phenyl rings of DPb, indicating the aromatic p–p

stacking. The observation demonstrated that the molecular ag-
gregation of PPG/DPb at room temperature is mainly due to

the carboxylic acid-pyridine hydrogen bonds and p–p stacking
between the molecules. 1H NMR spectra of PPG/DPe and PPG/

DPa at ratios of 1:1 and 1:2 showed similar shifting patterns

even though there were more signals at room temperature,
due to the existence of different nanostructures (Figures S19

and S20). This suggested that acid-pyridyl hydrogen bonds
were also formed in PPG/DPe and PPG/DPa gels.

FTIR and VCD measurements provide valuable information
about the molecular-level interaction and chirality of the supra-

molecular aggregates.[20] The xerogel of PPG was first charac-

terized by FTIR and showed well-defined amide I bands at
1632 cm@1, amide II bands at 1533 cm@1, N@H stretching vibra-

tions at 3445 and 3289 cm@1, and stretching vibration bands of
C=O from carboxyl groups at 1736 cm@1 (Figure S21 in the

Supporting Information), indicating that the amide groups
formed strong hydrogen bonds. However, the vibration at
1736 and 3289 cm@1 disappeared for PPG/DPb xerogels at dif-

ferent ratios and new bands at 1630 and 1540 cm@1 were si-
multaneously observed, indicating the carboxylic acid-pyridine
hydrogen bonds were formed between PPG and DPb. The FTIR
spectra of PPG/DPe and PPG/DPa were similar to those de-

scribed above for PPG/DPb (Figure S22), the band at 1736 and
3289 cm@1 were decreased, suggesting acid-pyridyl hydrogen

bonds in PPG/DPe and PPG/DPa gels.
In VCD spectra, LPPG and LPPG/DPe = 1:1 exhibited the

same (@/ +) pattern of C=O stretching band between 1750

and 1600 cm@1 (Figure S23 in the Supporting Information).
Moreover, DPPG and DPPG/DPe = 1:1 showed the opposite

(+ /@) pattern. The amide I VCD band in LPPG/DPb = 1:1 had a
(+ /@) pattern, whereas that of LPPG/DPb = 1:2 was the oppo-

site, namely it had a (@/ +) signal (Figure 2 c). On the contrary,

DPPG/DPb was found to be a “mirror image”. DPPG/DPb = 1:1
exhibited a (@/ +) pattern, but the VCD signal of the band

switched to a significant (+ /@) pattern for DPPG/DPb = 1:2
(Figure 2 d). These VCD patterns implied the inversion of the

chirality from a ratio of 1:1 to 1:2 for PPG/DPb. All these obser-
vations reveal that the supramolecular chirality of the nano-

Figure 2. CD and VCD spectra of LPPG/DPb (a, c) and DPPG/DPb (b, d) at
molar ratios of 1:1 and 1:2 with the total gelators concentration of 0.1 wt %.
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structures in the same system is not only determined by the
chirality of monomer (PPG), but also influenced by the stacking

mode of building blocks through intermolecular hydrogen
bonds and p–p stacking during the co-assembling process.

Small-angle X-ray diffraction (SAXRD) was performed to
unveil the mechanism of packing of the supramolecular organ-

izations in the PPG/DPb xerogels (Figure 3 a). The PPG xerogels
showed two clear diffraction peaks, which corresponded to

layer spacings of 1.90 and 0.95 nm, based on Bragg’s equation;

the ratio of 1:1/2 was consistent with an obvious lamellar
structure with a d-spacing of 1.90 nm.[21] Intermolecular hydro-
gen bonds between the amide moieties and carboxyl group
are the main driving force for the self-assembly of PPG.[17] Due

to the fact that different molecules and complex interactions
have been involved in PPG/DPb systems, the SAXRD results are

relatively complicated. Well-defined patterns of PPG/DPb = 1:1

xerogels display d-spacings of 2.32 and 1.16 nm (1/2), indicat-
ing a lamellar structure with a larger d-spacing of 2.32 nm, al-

though there were maybe not only one layered structure with
identical layer distance in the sample.[14f] This indicated that a

composite bilayer was formed, in which DPb molecules were
packed in an orderly manner between PPG molecules through

carboxylic acid-pyridine interactions. However, the XRD pat-

terns of the PPG/DPb = 1:2 xerogels showed significant differ-

ences from that of the PPG/DPb = 1:1 xerogels. The corre-
sponding d-spacings were 2.15 and 1.08 nm (1/2), suggesting

the formation of a lamellar nanostructure in the twisted rib-
bons with an interlayer distance of 2.15 nm. The shoulder peak

of d = 2.32 nm further testified that two different packing
modes exist. For PPG/DPb system, it was clear that multifarious

noncovalent interactions were involved, including carboxylic
acid–pyridyl hydrogen bonds, amide–amide hydrogen bonds,
and aromatic p–p stacking. The formation of chiral twists may

be attributed to synergistic effects among these noncovalent
interactions. Figure 3 b (take LPPG as an example) shows the

possible interactions and the molecular packing of the gelator
molecules in different ratios. For PPG/DPb = 1:1, at the early

stages of gelation, strong hydrogen bonds are formed be-
tween pyridyl nitrogen and the hydroxy group of a carboxylic

acid, which drives the building blocks to co-assemble in a
head-to-tail fashion, then three dimensional fiber networks are
obtained through the formation of hydrogen bonds between
amide groups and p–p interactions among DPb. However, for
PPG/DPb = 1:2, one pyridyl nitrogen of DPb forms an H-bond

with PPG, whereas the other is free in the PPG/DPb = 1:2 com-
plex. The large conjugated structure of DPb is attributed to

strong p–p stacking, causing the formation of one-dimensional

chiral aggregates, then three dimensional fiber networks are
obtained through the formation of hydrogen bonds between

amide groups. The overlapping DPb chromophore leading to
the d-spacing is slightly diminished. These two different molec-

ular packing modes lead to the chirality inversion. Meanwhile,
the relative proportions of the two kinds of aggregates could

be adjusted by modification of the PPG/DPb ratio.

The inversion of supramolecular chirality can be triggered by
stoichiometry in co-assembled nanostructures owning to a del-

icate balance between hydrogen bonding interactions and p–
p stacking of chiral and achiral molecules. This system is a re-

markable and rarely observed example of nanostructure hand-
edness based on the co-assembly of a short dipeptide deriva-

tive and an achiral molecule that can be easily controlled by

stoichiometry. This study is believed to add a new dimension
in the field of regulating supramolecular chirality, and provides

a better understanding of how achiral molecular can partici-
pate in the chiral self-assembly to express unique biological

functions.

Experimental Section

Hydrogel preparation

The LPPG/DPb = 1:1 hydrogel with 0.2 wt % LPPG/DPb is used as
an example to describe the preparation procedure. LPPG/DPb
(2 mg mL@1, 1:1 mixture of LPPG and DPb) was suspended in a
septum-capped 5 mL glass vial. The mixture was gently heated at
80–100 8C for few minutes until a transparent solution was ap-
peared, then spontaneous cooling to room temperature (25 8C)
and incubating about 2 h. The formation of hydrogel was con-
firmed by vial inversion test.

Figure 3. a) SAXRD patterns of the xerogels of PPG, PPG/DPb = 1:1, PPG/
DPb = 1:2, and powder DPb; b) schematic illustration of the aggregation
pathways of LPPG/DPb at ratios of 1:1 and 1:2.
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