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imerization and folding driven by
arene–perfluoroarene force†

Qiuhong Cheng, Aiyou Hao * and Pengyao Xing *

Oligomerization and folding of chiral compounds afford diversified chiral molecular architectures with

interesting chiroptical properties, but their rational and precise control remain poorly understood. In this

work, we employed arene–perfluoroarene (AP) interaction to manipulate the folding and dimerization of

alanine derivatives bearing pyrene and a perfluoronaphthalene derivative. Based on X-ray crystallography

and nuclear magnetic resonance, the compound with a smaller tether and high skeleton rigidity self-

assembled into double helical dimers by duplex hydrogen bonding and AP forces in a less polar solvent.

Reversible disassociation occurred upon switching to a dipolar solvent or applying heating–cooling

cycles. In comparison, the compound with increased skeleton flexibility folds into chiral molecular

clamps in a less polar solvent, and is transformed into planar dimers upon switching to a polar solvent.

The dynamic geometrical transformation between dimerization and folding was accompanied by

chiroptical switching. Beyond the molecular and supramolecular level, we showed hierarchy control in

the self-assembled nanoarchitectures and columnar and lamellar arrangements of their molecular

packing. This work utilized AP forces to prepare and manipulate the chiral architectures at different

hierarchical levels, enriching methodologies in precise chiral synthetic chemistry.
Introduction

Supramolecular self-assembly from chiral units widely occurs in
natural products.1,2 Point chirality in amino acids or nucleic
acid transfer on the supramolecular or macroscopic scale
through noncovalent force-driven self-assembly provide func-
tions of bio-information storage and selective chiral
recognition.3–8 In addition to self-assembly, intrinsic folding by
noncovalent forces also creates complicated helical structures,
such as the secondary structures of peptides, proteins and
polysaccharides.9–13 The preference towards chiral folding and
self-assembly dramatically inuences the resulting structure
and functions, while the structural basis still remains
a mystery.14,15 For simpler synthetic chiral building units,
rational control of the balance between intramolecular folding
and intermolecular oligomerization is crucial for the precise
synthesis of chiral self-assembled materials.16

Small chiral compounds bearing two or multiple aromatic
entities are effective building units in constructing functional
somaterials, which is ascribed to the directional growth aided
by diverse aromatic forces.17–21 Peptides from aromatic amino
acids, and N-terminal aryl peptides and amino acids fall into
mistry of Ministry of Education, School of

dong University, Jinan 250100, People's

cn; xingpengyao@sdu.edu.cn

ESI) available. CCDC 2246067, 2246071,
ographic data in CIF or other electronic
sc05212e
this scope.22–25 Their potentials in self-assembly have been
intensively explored, while the intramolecular folding by p-
forces between aryl segments is rarely referred to ref. 26–28.
Identication of the folding behaviors and their structural basis
facilitates the manipulation and fabrication of novel functional
chiral materials for asymmetric catalysis, recognition and
sensing applications. For example, recently, Alcázar and our
group unveiled folded molecular tweezers in ditryptophan
peptide derivatives and explored their functions in the recog-
nition of electron-decient guests and chiroptical proper-
ties.29,30 Possible interactions between aryl entities include p–p

stacking (ionic-p and cation-p), charge-transfer interaction and
arene–peruoroarene (AP) interaction.22,24,31–33 AP interaction
occurs between planar fused aromatic rings and peruorinated
aromatic compounds.34 Fluorination produces an inverted
electron distribution compared to hydrocarbons, so that per-
uoroarene with p-holes would generate multiple F/H
hydrogen bonds and p/p-hole interactions. Thus, the AP
interaction has stronger binding affinity than the p–p interac-
tion.35 For example, in the gas phase, the binding energy of
benzene–hexauorobenzene is about twice as high as that of
benzene–benzene complexes.36 AP interaction has been used in
tuning supramolecular chirality, structure and properties in
multiple constituent systems, yet its application in tuning
folding and self-assembly behaviors has not been reported so
far.37,38

In this work, naphthalene-F7 was conjugated to pyrene
appended alanine. The resulted building units, namely PMA (N-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(1-oxo-1-((3-((peruoronaphthalen-2-yl)amino)propyl)amino)
propan-2-yl)pyrene-1-carboxamide) and PBA (N-(1-oxo-1-((3-
((peruoronaphthalen-2-yl)amino)propyl)amino)propan-2-yl)-4-
(pyren-1-yl)butanamide), bear both the AP donor and an
acceptor with either a rigid or exible tether. In the solid state,
X-ray crystallography indicates that LPMA and LPBA adopt
a double helical dimer and planar dimer structure, respectively.
In contrast, D/LPMA in the racemic state afforded a planar
dimer, while D/LPBA folded into chiral foldamers. In the
homochiral and heterochiral modality, AP interaction and
hydrogen bonds are dominating. In the solution phase, solvent
polarity varied the preference towards folding and oligomeri-
zation. In dimethyl sulfoxide (DMSO), PMA remains in
a monomer state, and in less polar chloroform (CHCl3), dimers
are generated, and the monomer–dimer transformation is
reversibly controlled by a heating–cooling process. In contrast,
PBA with a exible tether forms a dimer in CHCl3, and folds in
dipolar solvent DMSO. Further heating of the DMSO solution
would break down the AP and hydrogen bonds into a mono-
meric state. Finally, we explored the self-assembly into nano-
architectures, where double helical and planar dimers of LPMA
and LPBA packed into columnar and lamellar structures,
respectively, showed a hierarchical impact from molecular to
supramolecular to nanoscale. This work introduces an AP
interaction to manipulate folding and hierarchical self-
assembly with controlled supramolecular chirality that may
enrich the rational and precise synthesis of chiral functional
materials (Scheme 1).

Results and discussion

The synthesis of PMA and PBA was through several steps
including aromatic substitution and amide condensation
reactions (Schemes S1 and S2†). 1H, 13C and 19F nuclear
magnetic resonance (NMR) and mass spectra were used to fully
characterize the enantiomerically pure compounds (Fig. S1–
S24†). Most AP complexation was realized in peruorinated
compounds such as naphthalene-F8, as the substitution by
electron-rich nitrogen would degenerate the electron density of
p-holes and the corresponding AP forces.36 In order to probe the
occurrence of AP-initiated self-assembly, single crystals were
carefully cultivated via solvent evaporation and the corre-
sponding enantiopure X-ray structures are shown in Fig. 1
(Tables S1–S4†). LPMA with a rigid skeleton features a dimeric
geometry (Fig. 1a), where pyrene and naphthalene-F7 segments
are closely packed in a head-to-tail manner. Two PMAmolecules
are packed into a double helical screw sense driven structure
and stabilized by multiple noncovalent forces. Between the
amide groups, two hydrogen bonds are formed, and the nearly
parallel (d = 3.43 Å) pyrene/naphthalene-F7 arrays imply the
occurrence of the AP force. Non-covalent interaction (NCI)/
reduced density gradient (RDG) analysis on the dimers
suggests the presence of aromatic forces between the pyrene
and naphthalene-F7 moieties (green regions in Fig. 1b) as well
as H-bond interaction (blue regions in Fig. 1b and S25†).39,40

Hirshfeld surfaces (bottom of Fig. 1b) also conrmed the crucial
role of hydrogen bonds and AP forces in dimerization.41
© 2024 The Author(s). Published by the Royal Society of Chemistry
Decomposed intermolecular contact distributions based on the
Hirshfeld surfaces of the dimers are highlighted on the nger-
print graphics (Fig. 1c). F/H occupied the largest fraction of up
to 35.4%. Other related forces including C/C and F/C show
fractions of 12.1% and 7.5%, respectively. In contrast, O/H
only shows a fraction of 8.5%. Due to AP interaction primarily
consisting of F/H and p/p-hole interactions, the above
results suggest that AP forces mainly drive the dimerization,
and are also aided by hydrogen bonds (Fig. S26†). In compar-
ison, PBA possesses an elongated alkyl spacer with enhanced
structural exibility. A dimeric structure was found in LPBA as
well (Fig. 1d). LPBA adopts a face-to-face dimer orientation
supported by duplex hydrogen bonds and AP interaction (d =

3.51 Å). NCI analysis suggests the crucial role of hydrogen bonds
and AP forces as well (Fig. 1e). The calculated ngerprint
diagram shows an F/H fraction of 22.2%, lower than that of
LPMA (35.4%). Also, the fraction of C/C (8%, assigned as the
p/p hole short contacts) is lower than that of LPMA (12.1%)
(Fig. S27†). The contribution of AP forces in the dimerization is
reduced, along with increased spacer length and structural
exibility.

Wallach's rule tells us that the single crystal of a racemic
mixture is always denser than that of its enantiomers.42,43 In
addition to Wallach's rule, we speculated that, in the racemic
form, an alternative self-assembly modality might be adopted.
Single crystals of the racemic mixtures were cultivated, as
shown in Fig. 2. D/LPMA surprisingly afforded a dimeric struc-
ture, consistent with its enantiomeric counterparts. Duplex
hydrogen bonds and AP interactions are present as well. NCI
analysis of the D/LPMA dimer and LPBA folder also suggest the
presence of AP and hydrogen bond interactions (Fig. S28 and
S29†). However, we noticed that the overlapping of pyrene/
naphthalene-F7 regions is decient compared to LPMA. The
F/H fraction (27.7%) is signicantly lower than LPMA (35.4%)
(Fig. S30†). Instead of screw sense, face-to-face dimerization
emerged. Our intuitive understanding is that D/LPMA dimer-
ization is less energetically favored, in contrast to the enantio-
pure form. Based on the X-ray structures, the dimerization
interaction energies were calculated at the theory level of b3lyp/
def2SVP-D3(BJ) (le diagram of Fig. 2c). In the enantiopure
form, the mean dimerization energy is determined as
−35.3 kcal mol−1. This value is much higher than that for most
noncovalent forces such as hydrogen bonds and p–p stacking,
due to the presence of multiple interactions. In the racemic
form, the dimerization binding energy is 27.0 kcal mol−1, much
lower than that of the enantiopure state, which is in good
agreement with the X-ray structure analysis and assumptions.
Wallach's rule emphasizes the high space utilization in the
racemic form, yet in the present case, the binding affinity is
lower than for the enantiopure counterpart. Nevertheless, chiral
self-resolution was not observed in the crystallization of PMA
racemates.

Next, the self-assembly of PBA in the racemic form was
probed using X-ray crystal structures. Surprisingly, D/LPBA does
not show dimers. Instead, intramolecular folding occurs
(Fig. 2b). DPMA and LPMA individually folded into enantiose-
lective mirror conformations. Folding is facilitated by the
Chem. Sci., 2024, 15, 618–628 | 619
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Scheme 1 (a) Molecular structure of building units and the presentation of the AP force; (b) structural evolution of the two building units
controlled by tether flexibility, solvent and heating/cooling process.
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hydrogen bonds and AP interaction. For PBA, hydrogen
bonding occurred between the amine NH adjacent to the
naphthalene-F7 and amide C]O. The intramolecular folding
allows for sufficient overlap between pyrene and naphthalene-
F7, which gives rise to a high F/H fraction (30.6%) (Fig. S31†).
This implies that PBA, compared to PMA, has the potential to
form folded structures, which might be due to the low binding
affinity to afford heterochiral dimers or other self-assemblies,
while the exibility of alkyl chains conformationally favors the
folding topology. The energy landscapes give insights into the
pathway complexity (Fig. 2c). PMA folding shows lower inter-
action energy (22.4 kcal mol−1) compared to that of PBA
(25.9 kcal mol−1), and the energy gaps (D) between homochiral
dimerization and the folding of PMA and PBA are
12.9 kcal mol−1 and 5.6 kcal mol−1, respectively. The small D
value of PBA between dimerization and folding implies that, in
the enantiopure form, PBA may realize transformation between
the two states, while the transformation for PMA is energetically
unfavorable.

To further demonstrate the importance of AP interaction in
forming a folded structure, DFT-based computational studies
were employed. A model compound was constructed without AP
620 | Chem. Sci., 2024, 15, 618–628
interaction through modifying the single crystal structure of the
PBA dimer. We replaced naphthalene-F7 with a methyl group to
eliminate AP interaction (Fig. S32†). Aer structural optimiza-
tion, more hydrogen bonds appear and the methyl group is
away from the pyrene ring, indicating that the molecule does
not prefer to form a folded structure without AP interaction. As
shown in Fig. S33a,† the main hydrogen bond to drive the
folding is N1–H/O1. To completely avoid the inuence of
hydrogen bonding, N1 and N2 were both replaced with O
(Fig. S33c and d†). Aer optimization, no hydrogen bond was
found, while a folded structure was retained, driven by AP
interaction. This suggests the vital role of AP interaction in
driving the formation of the folder (Fig. S33e and S34†).
Molecular dynamics (MD) simulation was also used to monitor
the transformation process from a non-folding to a folding
conformation of a model molecule. A non-folding conformation
was used as the initial structure and placed in a box with
a volume of 5 × 5 × 5 nm3 to observe the conformation tran-
sition over time. The MD simulation was conducted using the
GROMACS 2020 program, with a total simulation time of 30 ns.
As shown in Fig. S35,† the simulation system reached equilib-
rium in less than 1 ns. The molecular structure changes
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) X-ray structures of LPMA dimers. (b) Noncovalent interaction analysis of LPMA dimers. The green regions represent vdWs interactions.
(c) Short contact fraction distributions in LPMA dimers. (d–f) X-ray structures and the corresponding noncovalent interaction analysis of LPBA
dimers.
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dramatically in the early stage of the simulation. Aer reaching
equilibrium, the molecule existed in a folded conformation
induced by the AP interaction. The distance between C1 and C2
obviously decreased and eventually stabilized around 4 Å,
demonstrating the conformation transformation from a non-
folded to a folded state. Moreover, hydrogen bonds were not
observed in this simulation system.

Noncovalent forces including AP and hydrogen bonds are
sensitive to solvent environments. Protic or polar solvents such
as DMSO would normally destroy noncovalent forces via
solvation, while less polar solvents such as CHCl3, dichloro-
ethane (DCE) or methyl cyclohexane (MCH) may prefer the
occurrence of noncovalent forces. Additionally, the volume ratio
between DMSO and CHCl3 was altered to probe the structural
evolution in solution. With increasing volume fraction of DMSO
(fDMSO) against CHCl3, absorbance at around 350 nm was
enhanced with slight hypochromic shis (Fig. 3a). This change
is reminiscent of the disassociation of self-assemblies driven by
aromatic stacking forces. The disassembly process of PMA and
PBA leads to the variations in the uorescence.44–46 For PMA, the
emission intensity was enhanced initially, and then declined in
high fDMSO regions (Fig. 3a). Themajor emission peak at 407 nm
hypsochromically shied to 402 nm once DMSO was added,
which is in accordance with the disappearance of AP interac-
tion. LPBA shares a similar structure with LPMA, while with
increasing fDMSO, the absorbance decreased slightly, in sharp
contrast to LPMA (Fig. 3b). The emission intensity at around
400 nm decreased with increasing intensity at a bathochromic-
© 2024 The Author(s). Published by the Royal Society of Chemistry
shied wavelength of around 500 nm. The spectroscopic
changes with increasing fDMSO suggest structural evolution
beyond the disassociation. We speculated that rst, DMSO
destroys the hydrogen bonds leading to the disassembly of the
PBA dimer. Then, due to the exible tether of PBA compared
with PMA, AP interaction drives the formation of a foldamer.
Further heating of the DMSO solution would destroy hydrogen
bonds and intramolecular AP interaction to afford monomers.
AP complexation lowers the energy gap of frontier orbitals. For
example, LPBA in the free monomer state gives a gap of 3.91 eV
between the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO), while this is
slightly reduced to 3.78 eV aer AP-driven folding. Due to the
more sufficient AP overlap in foldamers (F/H fraction: 30.6%)
than dimers (F/H fraction: 22.2%), more bathochromic shis
would be generated. This thus supports the assumption that
self-assemblies and folded structures are formed in CHCl3 and
DMSO, respectively. Temperature-variable emission spectros-
copy was performed using high boiling point DCE to replace
CHCl3 (Fig. 3c–e). Upon heating LPMA from 293 to 343 K, LPMA
shows a decreased emission intensity ascribed to the disasso-
ciation of self-assemblies with enhanced molecular motion,
and the subsequent cooling results in full recovery to the initial
intensity (Fig. 3e). However, the emission intensity of LPBA was
slightly enhanced (Fig. 3d) upon heating, and upon subsequent
cooling it could hardly be recovered. This difference veries that
LPMAmay adopt an assembly/disassociation cycle while LPBA is
under structural transformation from dimerization to folding in
Chem. Sci., 2024, 15, 618–628 | 621
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Fig. 2 (a) X-ray structures of D/LPMA. (b) X-ray structures of D/LPBA,
and an illustration of the folded enantiomers. (c) Energy landscape of
the self-assemblies in the homochiral and heterochiral complexation
(left: PMA, right: PBA).
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the heating–cooling process. In the subsequent cooling, fol-
damer formation resulted in hysteresis that delays the emission
recovery.
Fig. 3 (a) Absorption and emission spectra of LPMA (0.2 mM) with differe
emission spectra of LPBA (0.2 mM) with different volume fractions of DMS
free monomer and folded LPBA. Temperature-variable emission spectra o
max. intensity as a function of temperature.

622 | Chem. Sci., 2024, 15, 618–628
To correlate the spectral variations in the solutions, we per-
formed 1H NMR spectroscopy in CDCl3 and DMSO-d6.
Concentration dependent 1H NMR spectra from 0.05 mM to
2.0 mM in CDCl3 were collected (Fig. 4a, b, S36 and S37†). The
active protons of Ha, Hb and Hc are located between 5.0 and
7.0 ppm. With increasing concentration, amide protons Ha and
Hb shied to lower elds, with self-assembly contributing to the
shi. Based on the X-ray structures (Fig. 1), the dimerization
involves the amide complementary hydrogen bonds, while Hc
does not participate. Thus, in the low polarity CDCl3, dimer-
ization is expected. In contrast, concentration-dependent 1H
NMR spectra in DMSO-d6 showed no apparent shis, support-
ing the absence of self-assembly (Fig. S38 and S39†). Partial 1H
NMR spectra of Hc (Fig. S40†) indicate the different locations of
Hc. Hc of LPMA and Hc of LPBA are located at 6.13 and
6.30 ppm, respectively, while in CDCl3 they share an identical
location (Fig. 4b). This phenomenon suggests that Hc is in
different chemical environments for LPMA and LPBA. Also, we
observed that when increasing the concentration from 0.1 to
10 mM in DMSO-d6, Hc of LPBA shows larger shis to higher
elds, which may be caused by the intramolecular folding.
Based on the X-ray structure, Hc is involved in hydrogen bonds
in the LPBA foldamers (Fig. S41 and S42†). Then, temperature-
variable 1H NMR spectroscopy was performed (Fig. 4c, S43
and S44†). From 298 K to 343 K, the aromatic protons of LPBA
are barely shied, indicating that the conformations are
retained. In comparison, the aromatic protons (pyrene domain)
of LPMA shi to lower elds upon heating. Meanwhile, Hf and
nt volume fractions of DMSO (fDMSO) against CHCl3. (b) Absorption and
O (fDMSO) against CHCl3. The inset shows the HOMO–LUMOgap of the
f (c) LPMA and (d) LPBA in DCE (0.2 mM), as well as (e) the summarized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 1H NMR studies. (a) Proton assignments of LPMA and LPBA. (b) Concentration-dependent 1H NMR spectra of LPMA and LPBA in CDCl3. (c)
Temperature-variable 1H NMR spectra of LPMA and LPBA in DMSO-d6 (10 mM). (d–f) 2D NOESY spectra of LPMA and LPBA in CDCl3 (saturated)
and DMSO-d6 (10 mM).
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He of the alkyl spacers at low temperatures are split, caused by
the chiral conformations, which are merged upon heating.
These changes are possibly due to the transformation from
a folded to unfolded structure. Two-dimensional (2D) nuclear
Overhauser effect spectroscopy (NOESY) is a powerful tool for
precise assignment of protons and proton–proton correlations.
For LPMA, we found correlations including Hd–Hg and Hd–Hi
in CDCl3. The long distances between the protons evidence the
formation of dimers with structures similar to those in the solid
© 2024 The Author(s). Published by the Royal Society of Chemistry
phase X-ray analysis (Fig. 4d). However, in DMSO-d6 (c = 10
mM), no proton correlations were found, disregarding the
protons with intrinsic close contact (Fig. 4e). Therefore, it is
conrmed that LPMA adopts dimers and free monomers in
CHCl3 and DMSO, respectively. For LPBA, due to the low solu-
bility in CDCl3, the splitting of hydrogen in 2D NOESY is not
obvious where Hi/Hh/Hk and He/Hf overlap. However, long
distance proton correlations such as Hj–Hi, Hi–Hk and Hg–He/
Hf probably exist, in good agreement with the dimerization
Chem. Sci., 2024, 15, 618–628 | 623
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Fig. 5 Space-filling models to demonstrate the structural evolution by
solvent and thermal treatments. (a) LPMA, (b) LPBA.
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conformation found in solid structure X-ray analysis (Fig. S45
and S46†). In contrast, in DMSO-d6, strong proton–proton
correlations exist, such as Ha–Hi, Hj–Hi, He–Hi, He–Hk and
Hg–Hk. This veries the formation of foldamers in the dipolar
DMSO phase. Based on the 1D and 2D 1H NMR, it can be
concluded that LPBA gives dimers and foldamers in CHCl3 and
DMSO, respectively.

Two-dimensional diffusion ordered NMR spectroscopy
(DOSY) is a powerful technique to study molecular geometries
in solution. According to the Stokes–Einstein equation, the
diffusion coefficient D is associated with the hydrodynamic
radius, and thus the two-dimensional geometry can be
predicted.47–49 The viscosities of solvents at various temperature
were recorded using a tting curve (Fig. S47 and S48†). DOSY
spectra of LPMA and LPBA in CDCl3 and DMSO-d6 at different
temperatures were collected (Fig. S49–S56†), and the diffusion
coefficients as well as the hydrodynamic radii are summarized
in Table 1 (Fig. S57–S64†). Using an oblate spheroid model
(length b > width a), the size parameters were predicted based
on the Stokes–Einstein equation. The r values, dened as the
ratios of the hydrodynamic radii of the oblate model to the
equivalent radii from the volume of the spheroid, are close to
1.0, indicating the validity of the prediction. The p values
calculated using b/a represent the aspect ratio. In CDCl3, upon
increasing the temperature from 25 °C to 45 °C, the p value of
LPMA decreases from 4.2 to 2.3, and LPBA decreases from 3.2 to
1.7. The decreased aspect ratio agrees with the disassociation of
dimers by heating. In DMSO-d6, the p value of LPMA is not
changed by heating. This means that LPMA retains a mono-
meric free state independent of thermovariations. However, the
p value of LPBA shows a signicant increase from 1.7 to 3.0 upon
heating. This increasing aspect ratio is consistent with the
unfolding of the foldamers, which also veries the assumption
based on the 1D 1H NMR results (Fig. 4).

Based on the above results, a brief summary of the struc-
tures in solution are shown in Fig. 5. For PMA, in the low polar
solvent (CHCl3), dimeric self-assembly is generated by AP
force and hydrogen bonds. Upon replacing CHCl3 with the
dipolar solvent DMSO, disassociation and transformation
into monomers occur. Heating also breaks down the non-
covalent forces, generating monomers in low polarity
solvents. PMA failed to afford folded structures due to the
Table 1 Diffusion rates, hydrodynamic radii and other parameters based

Entry T [°C]
D
[mm2 s−1] Radi

LPMA (CDCl3) 25 1040 3.9
45 1050 4.5

LPBA (CDCl3) 25 691 5.9
45 974 4.8

LPMA (DMSO-d6) 25 161 6.9
50 310 6.0

LPBA (DMSO-d6) 25 157 7.1
50 284 6.6

a T and D represent the temperature and diffusion coefficients; b and a are
and r is a parameter close to 1.0 to reect the reliability.

624 | Chem. Sci., 2024, 15, 618–628
rigid skeleton and energy barrier. Elongating alkyl spacers
with enhanced structural exibility result in the possibility of
forming folded structures. PBA with enhanced exibility also
features dimerization in CHCl3. At a high temperature in
CHCl3, PBA forms foldamers. Switching the solvent to polar
DMSO transforms PBA into folded structures. Further heating
the DMSO solution would destroy hydrogen bonds and
intramolecular AP interaction to afford monomers. The
structural evolution provides a rational and precise control
strategy for molecular folding and supramolecular
complexation.

The building units are intrinsically chiral due to the
alanine segments. In CHCl3,

LPMA and DPMA feature negative
and positive signals in the pyrene absorption region (300 to
350 nm), indicating the chirality transfer from alanine
segments to pyrene pendants (Fig. 6a). The dimeric form
possesses better shape resistance compared to the monomers
that afford enhanced chiroptical signals. In DMSO, the
monomers show reduced CD signals, agreeing with our
speculations (Fig. S65†). The tendency is inverted for PBA
(Fig. 6b). The DMSO solution gives more intense CD signals
than CHCl3 (Fig. S66†). Based on the NMR studies, PBA in
DMSO and CHCl3 preferably adopts folded and dimer
on DOSY spectraa

us [Å] b [Å] a [Å] p r

5.5 1.3 4.2 1.02
7.0 3.0 2.3 1.02
8.0 2.5 3.2 1.03
5.7 3.3 1.7 1.00
8.9 3.0 3.0 0.99
8.5 2.8 3.0 1.08
8.2 4.9 1.7 0.99
8.7 2.9 3.0 1.01

the length and width of the oblate spheroid model, p is the aspect ratio,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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geometries, respectively. In the foldamer form, the structures
are regarded as more rigid due to the clamp topology, and
thus enhanced Cotton effects are expected. Next, we evaluated
the thermal effects on the chiroptical properties. In DMSO,
LPMA remains in a monomeric state, and increasing the
temperature from 293 K to 358 K barely changes the CD
signals. The negative changes agree with the monomer state,
which shows no structural variation upon heating–cooling
cycling. However, in CHCl3, an increase from 293 K to 328 K
results in a CD signal reduction, which can be fully recovered
aer cooling (Fig. S67†). The phenomenon is consistent with
the dimer to monomer structural transformation. LPBA
exhibited more profound chiroptical changes with the varia-
tion of temperature (Fig. 6c, d and S68†). Increasing the
temperature of LPBA in DMSO from room temperature to 363
K resulted in continuously decreasing Cotton effects. This
process is accompanied by the unfolding behavior, and
complete recovery occurs during the cooling process without
any hysteresis. In DCE (replacing CHCl3 considering the
boiling point), a similar propensity was observed.

Spontaneous self-assembly by solvent processing can
generate ordered nanoarchitectures. This structural evolu-
tion was realized using a nanoprecipitation protocol.50 By
dispersing building units from CHCl3 into MCH, self-
assembly was triggered through a good/poor solvent
exchange. Before testing, the samples were aged for 12 h.
The nal concentration of the samples is 1 mM and the
volume ratio of CHCl3 and MCH is 2/8. The dispersion of
LPMA under transmission electron microscopy (TEM) shows
planar nanosheets with a rectangular shape, indicating
a crystallization-induced aggregation pathway (Fig. 7a). In
contrast, LPBA generated a nanorod architecture with
lengths up to several micrometers and widths of about
200 nm (Fig. 7b). The screw sense and helical
Fig. 6 Chiroptical properties. (a) CD spectra of PMA enantiomers in
CHCl3 and DMSO (0.3 mM). (b) CD spectra of PBA enantiomers in
CHCl3 and DMSO (0.3 mM). (c) Temperature-variable CD spectra of
LPBA (0.3 mM) in DMSO. (d) CD signal at 350 nm in DMSO of LPBA (0.3
mM) during heating and cooling cycles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
nanoarchitectures were not found, possibly because of the
dimerization effect that hinders 1D extension to amplify the
macroscopic chirality. Atomic force microscopy (AFM) was
employed to examine the thickness (Fig. 7c and d). A high
aspect ratio was found in the nanosheet morphology of
LPMA. A thickness of 35 nm was observed from the cross-
section prole, indicating its 2D planar nature. Rod struc-
tures with thicknesses of about 60 nm were observed in the
LPBA self-assemblies (Fig. 7d). The CD spectra of the self-
assemblies were recorded (Fig. 7e, f and S69†). The spectra
are different to those measured in solution phase, due to
aggregation introduced asymmetric packing of building
units to afford supramolecular chirality, in addition to the
chirality in the dimers or foldamers. Additionally, the rela-
tively intense CD signals originate from the more closely
packed nanosheets or nanorods, which showed similar
peaks to those of the crystalline powder, indicating that the
nanostructures have the same molecular packing model
(Fig. S70†). Consequently, self-assembly behaves as a valid
protocol to manipulate chiroptical properties in addition to
the above discussed control methods. The aggregates were
collected and subjected to X-ray diffraction (XRD) to explore
the molecular arrangements (Fig. 7g). Compared with the
simulated powder patterns from X-ray single crystallog-
raphy, similar patterns were found, suggesting that these
nanostructures share similar molecular packing arrays.
However, there was clear specic plane selective exposure or
growth present in the aggregation thanks to the relative
kinetic control of the aggregation. In addition, the experi-
mental XRD of LPMA consists of the rst and second order
diffraction peaks with a distance ratio of 1 : 1/O3, and is
assigned as hexagonal packing. LPBA features a different
packing mode, with a distance ratio of 1 : 1/2 : 1/3, which is
consistent with a typical lamellar structure. In the X-ray
structures of LPMA (Fig. 7h), the dimers (intertwined
magenta/green structure) in the top view pack into a hexag-
onal structure, between which hydrogen bonds behave as
linkers. This packing is in good agreement with the XRD
patterns. For LPBA, the dimers pack into layers via hydrogen
bonds as well, and the layers further pack into lamellar
structures, which veries the observation from the XRD
patterns. For the self-assembly of LPMA and LPBA in a polar
solvent environment (DMSO/H2O), various nanostructures
are shown, compared with the aggregations in a nonpolar
solvent (CHCl3/MCH). Both LPMA and LPBA assembled into
fused micelles, as shown by the TEM and AFM results, of
about 100 nm in diameter, which also showed in dynamic
light scattering (DLS) patterns (Fig. S71–S73†). The CD
spectra of the self-assemblies are different to those
measured in nonpolar environments, due to the fact that the
polar solvent could form hydrogen bonds with LPMA and
LPBA, resulting in competition, which does not benet the
growth of 2D and 3D nanostructures. Moreover, the direc-
tion and shape of the CD signals were similar to those in the
solution phase (Fig. S74†). Thus, the assembled morphology
and corresponding chiroptical properties could also be
controlled by adjusting the solvent polarity.
Chem. Sci., 2024, 15, 618–628 | 625
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Fig. 7 Self-assemblies. (a and b) TEM images of self-assembled LPMA and LPBA in a mixture of CHCl3/MCH (2/8 by volume, 1 mM); (c and d) the
corresponding AFM images and cross-section profiles (3 × 3 mm and 5 × 5 mm, respectively); (e and f) CD spectra of self-assemblies. (g) XRD
pattern comparison between simulated powder patterns and experimental results; (h) hexagonal and lamellar packing of dimers of LPMA and
LPBA, respectively.
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Conclusions

In this work, amino acid derivatives PMA and PBA bearing
pyrene and naphthalene-F7 segments were designed and
synthesized. Using X-ray crystallography, diverse self-
assembly modalities were unveiled. PMA self-assembled
into double helical dimers in the enantiopure state, while
the racemates generated planar achiral dimers. PBA self-
assembled into planar dimers in its enantiopure form,
while the racemic form gave foldamers. All the folding and
dimerized structures featured hydrogen bonding and AP
interaction. In the solution phase, we used 1D and 2D 1H
NMR to evidence the structural evolution. This demonstrated
that the PMA monomer in DMSO is transformed into dimers
626 | Chem. Sci., 2024, 15, 618–628
when the solvent is changed to a less polar solvent such as
CHCl3. Additionally, PBA adopts dimer and foldamer struc-
tures in CHCl3 and DMSO, respectively. Both of the self-
assemblies and foldamers show reversible responses to
heating–cooling cycles. By differential self-assembly
behavior, PMA and PBA displayed distinct chiroptical activi-
ties in response to the solvent polarity. Finally, we showed
control of the self-assembly at the nanoscale, and PBA and
PMA adopted hexagonal and lamellar packing, respectively.
This work introduces a multi-control protocol to tune the
preference towards chiral folding and self-assembly at
different hierarchical levels, which may facilitate the rational
fabrication of functional chiral materials.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental

Materials, experimental details, and additional CD, 1H NMR,
and MS spectra can be found in the ESI.†
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