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Understanding the regulatory mechanism of self-assembly processes is a necessity to modulate nanos-
tructures and their properties. Herein, we have studied the mechanism of self-assembly in the C3 sym-
metric 1,3,5-benzentricarboxylic amino acid methyl ester enantiomers (TPE) in a mixed solvent system
consisting of methanol and water. The resultant chiral structure was used for chiral recognition. The
formation of chiral structures from the synergistic effect of multiple noncovalent interaction forces was
confirmed by various techniques. Molecular dynamics simulations were used to characterize the time
evolution of TPE structure and properties in solution. The theoretical results were consistent with the ex-
perimental results. Furthermore, the chiral structure assembled by the building blocks of TPE molecules
was highly stereoselective for diamine compounds.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chirality is an essential feature of life and plays a vital role
in various chemical and biological processes. The double helix of
DNA and the triple helix of collagen are all chiral compounds
[1-3]. Helical and twisted nanostructures have attracted attention
due to their important roles in the fields of catalysis, ion sens-
ing or recognition, fabrication of chiroptical switches, medicine,
separation, and biology [4-13]. To obtain chiral nanostructures,
supramolecular assemblies are often constructed in a controllable
way through noncovalent interactions, such as hydrogen bonding,
van der Waals, -7 stacking, and electrostatic interactions. Numer-
ous helical and twisted nanostructures have been successfully syn-
thesized via molecular self-assembly [14-16].

Usually, the construction of chiral structures depends on two
factors. First, helical and twisted nanostructures are easily devel-
oped from the aggregation of the corresponding chiral building
blocks. Hence, the supramolecular chirality of nanostructures de-
pends on the inherent molecular chirality of the building blocks
[17-19]. Besides, the building blocks’ stacking arrangement plays
a crucial role in the supramolecular chirality of the assemblies.
Therefore, by manipulating the competitive local chiral interactions
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and overall geometric constraints in the self-assembled structure,
the formation of chiral nanostructures and its structure control can
be achieved [20-24].

The building blocks’ stacking arrangement is generally dynamic
and changes according to external stimuli, such as light, temper-
ature, solvent, pH, rotary stirring, and metal-ions [25-30]. Much
work has been done on constructing chiral structures, but very lit-
tle research has been done on the dynamic processes that produce
chiral structures. It remains a fundamental challenge to precisely
tailor the intricate balance between the noncovalent forces during
the gradual amplification of molecular chirality at different hier-
archical processes. Therefore, a detailed understanding of the dy-
namic changes occurring in the intermolecular noncovalent inter-
actions during the chiral structures’ formation is beneficial to con-
structing chiral structures and their potential applications.

We selected a C3 symmetric 1,3,5-benzentricarboxylic amino
acid methyl ester (TPE) enantiomer (left-handed LTP and right-
handed DTP) as the building block of supramolecular structures
to understand the dynamic changes in the intermolecular non-
covalent interactions during the formation of chiral systems. We
observed that the self-assembly of TPE involves the synergy of
various weak intermolecular interactions, including hydrophobic,
hydrogen bonding, w-7 stacking interactions, among others. Hy-
drophobic interactions tend to drive the TPE molecules to ag-
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Fig. 1. Schematic representation of the molecular structures and the landscape of
the supramolecular self-assemblies of different types of LTPs. (a) LTP, (b) DTP, (c)
type 1, (d) type 2, (e) type 3.

gregate in a disordered arrangement to form irregular flower-
like structures. The hydrogen bonding and m-m stacking interac-
tions tend to induce TPE assembly to form one-dimensional nano-
assemblies with limited architectures, such as nanofibers. Hydro-
gen bonding and ;-7 stacking interactions help the TPE molecules
assemble to form ordered spiral fiber aggregates (right-handed, P;
left-handed, M). Furthermore, the chiral structure constructed from
TPE molecules is highly stereoselective for diamine compounds.

In TPE molecules, the three amide bonds are capable of H-
bond formation between the neighboring molecules, and the face-
to-face - stacking interactions provide additional stabilizations.
TPEs are highly symmetric compounds and possess an amphiphilic
nature because of the concomitant presence of the hydrophobic
benzene and the hydrophilic amide bonds, which potentially in-
duce and direct the self-assembly under certain conditions. In ad-
dition, the amide bonds of the TPE molecules can rotate freely,
indicating that there are many types of interactions between the
TPE molecules. Left-handed 1,3,5-benzentricarboxylic amino acid
methyl esters (LTP) were selected as the subject of research. Three
types of detailed self-assembly mechanisms of the LTP molecules
are shown in Fig. 1.

As for the type 1 mechanism, in CH3;OH, the LTP molecules can
be uniformly dispersed. The distance between the molecules is rel-
atively large, making it difficult to generate stable hydrogen bonds
and m-m stacking between them. However, even in CH30H, the
molecules form irregular flower-like structures by kinetic aggrega-
tion. In the presence of water, the self-assembly occurs dominantly
in a thermodynamically controlled fashion. The addition of water
(10%) causes a rapid change in the solution’s polarity and increased
hydrophobic interaction. The LTP molecules aggregate rapidly. For
the type 2 mechanism, the intermolecular hydrogen bonding inter-
action is enhanced when the molecules get aggregated. However,
the intermolecular 7 -7 stacking interaction is still weak due to the
low content of the poor-solvents. In this case, hydrogen bonding
interaction is the main driving force for self-assembly, and the LTP
molecules form long-range ordered fibrous structures. For the type
3 mechanism (water 60%), the LTP molecular packing is converted
from the displaced packing mode to face-to-face packing mode. In
this case, the driving force of molecular self-assembly is the m-m
stacking interactions between molecules. The LTP molecules form
stable and ordered helical fibers. The three types of self-assembly
seen in the LTP molecules indicate that the mode and size of the
intermolecular noncovalent interactions play a crucial role in as-
sembling the molecules into various structures.
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The morphologies of the LTP molecules were examined by the
scanning electron microscopy (SEM) technique. The SEM images
corresponding to the patterns of the three different types of non-
covalent interactions are shown in Fig. 2. For type 1, hydrogen
bonding and 7 -7 stacking interactions between the molecules are
weak. The LTP molecule forms irregular flower-like structures (Fig.
2a). Interestingly, in a CH3OH-water binary system with a low
amount of water (type 2, 10% water), the addition of hydrogen-
bond-forming solvents successfully induced the formation of long-
range ordered fibers in LTP molecules (Fig. 2b). Further increase
in the water content (type 3, 60% water) enhances the inter-
molecular hydrogen bond and m-m stacking interactions so that
the long-range-ordered left-handed helical fibers were observed
(Fig. 2c). As expected, the self-assembly morphology of the DTP
molecules was similar to that of the LTP molecules under the same
conditions (Fig. S1 in Supporting information). The helical fibers
formed different helical orientations due to the different chirality:
LTP forms left-handed helical nano-fibers, DTP forms right-handed
helical fibers. During solvent evaporation during the drying pro-
cess, the liquid samples were observed by atomic force microscopy
(AFM). Similar morphologies were also observed in AFM images
(Fig. S2 in Supporting information). These observations suggested
that hydrogen-bonding interactions play a key role in fiber forma-
tion. On the other hand, m-m stacking interactions can influence
molecules’ arrangement, thus inducing the helical fibers’ forma-
tion.

To gain further insight into the secondary structures of the LTP
nanostructures, circular dichroism (CD) spectroscopy and Fourier-
transform infrared (FT-IR) spectroscopy measurements were per-
formed. CD spectroscopy is a powerful tool for understanding the
arrangement of chiral molecules in the assembly. Intermolecular
interactions, especially between chromophore molecules, may pro-
duce striking chiroptical responses, often much stronger in the as-
sembled state than in their isolated molecular state, and generate
CD signals. Concerning the CD analysis of the D-TPE in type 1 self-
assembly (Fig. 2d), the irregular flower-like structures were com-
pletely CD silent in the spectral range. The red-shift of the wave-
length at the maximum intensity of CD spectra suggested that hy-
drogen bonding and m-m stacking were enhanced. Similar results
were observed in the ultraviolet absorption spectra (UV-vis) (Fig.
2e). These spectral changes indicate that the formation of hydro-
gen bonds and the generation of -7 stacking interactions lead to
the change of the stacking arrangement of self-assembling building
blocks.

Fourier-transform infrared spectroscopy (FT-IR) analysis (Fig. 2f)
showed that the TPE (type 1) exhibited strong adsorption peaks at
3354 cm™! (amide N-H), which could be ascribed to the isolated
amide groups. As the water content was increased to 10% (type
2), the amide N-H peak at 3354 cm™! showed a red-shift to 3251
cm~! and the peak became broader. The red-shift and the change
in peak shape indicated that the amide groups in the fibers formed
weak hydrogen bonds. However, the red-shift of the amide N-H
was more pronounced in type 3 interactions. These results sug-
gested that the hydrogen bonds assigned to the amide groups were
much stronger in the helical fibers than in the non-helical fibers
because of the formation of strong extended hydrogen bonds be-
tween the TPE molecules with increasing water content.

Nuclear magnetic resonance (NMR) spectra were also analyzed
to elucidate the self-assembly mechanism of the LTP molecules.
In type 1, the aromatic protons appeared as sharp peaks, which
broadened considerably in the presence of D,0 (Fig. S3 in Support-
ing information). In type 2, a clear up-field shift of the aromatic
protons of the benzene-1,3,5-tricarboxamide in the TPE molecule
was observed, and the protons moved further up-field with further
increase in D,0 concentration in type 3. This further confirms -
7 stacking. Interestingly, the phenylalanine protons showed mul-
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Fig. 2. SEM images of LTP nanostructures. (a) type 1, (b) type 2, and (c) type 3 self-assembly. (d) CD spectra of LTP and DTP. (e) UV-vis spectra of LTP. (f) FT-IR spectra of

LTP.

tiple signals; one part down-field and the other part up-field.
These are the split signals arising from three phenylalanine groups.
This change in chemical shift demonstrated the de-shielding effect
caused by hydrogen bonding between molecules.

To obtain further structural information, we produced LTP sin-
gle crystals. Detailed crystallographic data can be found in (Table
S1 in Supporting information). It should be noted that the crystals
could only be obtained in the CH30H/water mixed solvent system
(water 60%). Single-crystal X-ray diffraction (XRD) analyses showed
that ordered helical assemblies of LTP are formed through multiple
types of non-bonded interactions, including H-bonding, 7 -, and
C-H.-.7r interactions, between adjacent subunits (Fig. 3). The amide
N-H groups on each of the three arms of the subunits formed a
hydrogen bond with the carbonyl group on the neighboring sub-
units, with the bond length being ~2.0 A between the heavy atoms
(Table S2 in Supporting information). Extensive m-m stacking in-
teractions between the central benzene rings of the two adjacent
molecules could be observed (in the parallel or the T-shaped con-
figurations). The latter was characterized by C-H...7r interactions.
Taken together, the versatile noncovalent interactions contribute to
a stable chiral helical structure of LTP molecules.

For exploring the formation mechanism of the twisted
nanofibers, multi-scale modeling was performed to study the
molecular conformation and self-assembly behavior of LTP under
different solvent components. Molecular dynamics (MD) simula-
tions were carried out on the LTP helix in solutions using a sander
module of AMBER16 CUDA version [31-33]. The Packmol program
was used to randomly distribute molecules with a tolerance of 2.0
A in the periodic box of dimension 70 A x 70 A x 70 A (Fig. S4 and
Table S3 in Supporting information). The LTP helix was parameter-
ized using the generalized AMBER force field (GAFF) [34]. The com-
plex was explicitly solvated with TIP3P water and methyl alcohol
molecules (at different ratios). After energy minimization, the sys-
tem was well equilibrated with MD simulations, where the LTP’s
position was restrained. The temperature of the system was slowly
raised to 300 K in 2 ns at NPT conditions. Then, we removed the
system’s restraints and accumulated the simulations for another
100 ns trajectory.

Time evolution of the centroid distance (Fig. S5a in Supporting
information) and the root mean square deviations (RMSD) were
calculated to detect the foldamers’ intrinsic motion in solution.
We found that an increase in the water content of the mixed

Fig. 3. The molecular structure of LTP. (a) Crystal structure. (b) The left-handed he-
lical conformation. (c) The subunit. (d) Non-bonded interactions between subunits.
Different interactions between neighboring molecules are shown: H-bonding (black
dotted line), C-H---r (black dotted line with blue shadow), and w-7 interactions
(black dotted line with orange shadow). The central benzene ring is light green, yel-
low, orange, and dark green, respectively. The atoms O, C, and H with non-bonding
interactions are shown in red, deep gray, and white, respectively, whereas the oth-
ers are represented by pink, grey, and omitted, respectively.

solvent leads to a decrease in the centroid distance of the adja-
cent dimers (Figs. S5b-e in Supporting information). The quadru-
ple stranded foldamer LTP showed a small fluctuation over time in
aqueous solution than other solvent systems (Fig. S6 in Supporting
information), indicating that the helical structure could be well-
maintained.
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Fig. 4. SEM images of LTP molecules and chiral diamine co-assembly. (a, e) LTP and 1,2-cyclohexanediamine. (b, f) LTP and «-methyl benzylamine. (c, g) LTP and 2-
methyl piperazine. (d, h) LTP and 1, 2-diphenylethylenediamine. (i, j) Time evolution of centroids distance. (k) RMSD for helical structure. WATR and WATS represent R-
cyclohexanediamine and S-cyclohexanediamine put into the aqueous solutions containing LTP.

To further investigate the nature of interactions between differ-
ent solvent molecules and the LTP molecule, the radial distribution
function (RDF) of water (oxygen) and methanol (oxygen) molecules
around LTP (oxygen and nitrogen) was calculated (Fig. S7 in Sup-
porting information). We found that the solvent does not influence
the first peak position for the same system. However, an apparent
shift in the peak location of different systems was observed. The
first and the second peaks of the atom N in LTP and O in methanol
were approximately at 2.1-2.3 A and 3.0-3.3 A in the RDFs, respec-
tively. There is only one peak within 4.0 A of others in the RDF,
located approximately at 2.8-3.0 A, 2.8-3.0 A, and 3.0-3.3 A for
the atom O in LTP and O in methanol, the atom O in LTP and O
in water, and the atom N in LTP and O in water, respectively. The
different peak positions suggested that methanol is more likely to
form intermolecular interactions with the solute.

We further carried out quantum mechanical (QM) calculations
to characterize the 'H NMR spectrum of the LTP structure. From
the above-mentioned MD simulations, several clusters contain-
ing solvent molecules, within 3.0 A of the quadruple stranded
foldamer LTP, were constructed. Chemical shielding data were cal-
culated using the generalized energy-based fragmentation (GEBF)
method [35-37] at the B3LYP (D3BJ) [38]/pcsSeg-1 level, as imple-
mented in low-scaling quantum chemistry (LSQC) [39] employing
the gauge-including atomic orbital (GIAO) approach [40,41]. The
obtained NMR signals were in line with the experimental results
(Tables S4 and S5 in Supporting information), with a deviation of
only 0.93 ppm for the benzene-1,3,5-tricarboxamide group of LTP.

Meanwhile, we calculated the binding energy of the extracted
cluster of LTP and solvent within 3.0 A with both QM (at
the GEBF-B3LYP-D3/6-31G(d,p) level) and molecular mechanics
(including the polymer consistent force field (PCFF) [42-44] and
COMPASS [45]) methods. Both methods showed that the LTP shows
a stronger binding affinity with methanol than with water (Table
S6 in Supporting information).

The TPE molecules possess three hydrophilic amide groups and
hydrophobic ester groups. Such properties are more likely to show
different degrees of van der Waals forces, hydrogen bonds, and
other noncovalent interactions, making the TPE molecules suit-
able for chiral recognition. As shown in Fig. 4a, the LTP self-
assembly formed a left-handed helical structure with the R-
cyclohexanediamine, but formed an intermittent nanofiber with
the S-cyclohexanediamine. Figs. 4b and f show LTP and methyl
benzylamine. It was found that the R-type methylamine induced
a helical structure in LTP, while the S-type induced the formation
of a disordered pore-like structure. Comparing Figs. 4c and g, it
was seen that the LTP formed a nano-helical structure with (R)-(-)-
2-methyl piperazine, while the (R)-(-)-2-methyl piperazine formed
an ordered fibrous structure. These comparisons indicate that the
LTP has a more substantial recognition effect on R-type imide.

The UV (Fig. S9 in Supporting information) absorption max-
ima did not have significant change when the R or S type of 1,2-
cyclohexanediamine was added to the LTP solution. But the in-
tensity of the UV maxima at 210 nm was different at the same
concentration, indicating the noncovalent interactions between the
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LTP molecules and amines of different isomers are different. Com-
pared with the (15,2S)-(+)-1,2-cyclohexanediamine, the LTP and
the (1R,2R)-(—)-1,2-cyclohexanediamine have stronger interaction,
which leads to increased solubility of the molecule, resulting in
stronger UV spectral intensity. The difference in the amount of so-
lute in the solution produces a visual representation of the degree
of recognition. NMR spectra were analyzed to elucidate the recog-
nition mechanism of the LTP with the 1,2-cyclohexanediamine. 'H
NMR spectra (Fig. S10 in Supporting information) showed a pro-
nounced higher chemical shift value for the aromatic protons in
LTP after the addition of (1R,2R)-(—)-1,2-cyclohexanediamine (as
compared to the addition of (1S,25)-(+)-1,2-cyclohexanediamine).

To study the effect of the conformation of amine on the heli-
cal structure of LTP, we also conducted the MD simulations that
randomly put (1R,2R)-(—)-1,2-cyclohexanediamine and (1S,25)-(—)-
1,2-cyclohexanediamine into the aqueous solutions containing LTP.
Taking the crystal structure as the reference, the time evolu-
tion of the centroid distance and RMSD were analyzed shown in
(Figs. 4i-k). The centroid distance and RMSD fluctuated signifi-
cantly with time, indicating that the LTP’s helical structure changes
dramatically. The interactions between LTP and (1R,2R)-(—)-1,2-
cyclohexanediamine as well as (1S5,25)-(—)-1,2-cyclohexanediamine
have been further studied using the DFT quantum mechanical
method at the GEBF-B3LYP-D3/6-31G(d,p) level. The configurations
of the LTP and (1R,2R)-(—)-1,2-cyclohexanediamine molecules as
well as (1S,25)-(—)-1,2-cyclohexanediamine were extracted from
the MD simulations (Figs. S11 and S12 in Supporting information).
As shown in (Table S7 in Supporting information), the binding en-
ergy between LTP and S-cyclohexanediamine is much lower than
that between LTP and R-cyclohexanediamine. The results demon-
strated that intermolecular interactions are essential for chiral
recognition, which may be a major force in destabilizing the helical
structure. All these results imply that TPE molecules have potential
applications in the field of chiral recognition.

In summary, we constructed a C3-symmetric phenylalanine
enantiomer (TPE) to study the dynamic self-assembly processes in
the molecule regulated by the solvent. LTP molecules showed dif-
ferent micromorphology in different solvent systems consisting of
different proportions of methanol and water. The noncovalent in-
teractions present in LTP molecules (in different types) have been
confirmed by CD, UV, FTIR, NMR, and crystallography techniques.
The results were consistent with MD simulation results. The for-
mation of the chiral structure is the result of the synergistic effect
of multiple noncovalent interaction forces. Furthermore, the chi-
ral structures with three hydrophilic amide groups and hydropho-
bic ester groups were used for the chiral recognition of chiral di-
amines, showing good stereoselectivity. This work provides valu-
able insights for the regulation of chiral supramolecular structures
and shines a light on the potential applications of the molecules in
the field of chiral recognition.
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