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such as polyamines. This finding provides a different framework for exploring the transmission of chirality,
suggesting that non-chiral metabolites may also contribute to chiral shaping.

1. Introduction

One of the unresolved issues regarding the chiral homogeneity of
Nature concerns the propagation of symmetry breaking across different
levels of complexity. Several investigations have indicated that the
handedness of chiral systems at the macroscopic levels is controlled by
that of biomolecules [1-13], however a comprehensive description of
the propagation of chirality from one level of complexity to the next has
yet to be fully elucidated.

Nano-sized self-assemblies at a low hierarchical level of complexity
are optimal tools for investigating the transcription, evolution, and
amplification of chirality from one level to next hierarchical level of
complexity. The contribution of hydrogen bond, metal-ligand coordi-
nation, electrostatic, n-n, cation-n interactions in the transcription of
chirality were clearly evidenced [14-24]. Some reports also pointed out
the role of hydrophobic interactions, though these might be more
elusive [14,23-30]. In particular it was shown that the balance between
electrostatic and hydrophobic interactions can tune the transcription of
the chiral information from a chiral cationic surfactant to the assemblies
it forms with an anionic dye [28-30].

It is known that aggregation of surfactants and dyes of opposite
charge occurs at surfactant concentrations far below the critical micelle
concentration of the surfactant, inducing relevant changes in the UV-vis
spectrum of the dye [31,32]. However, the organization of these ag-
gregates is still object of investigation. We had observed that the inter-
action of a chiral cationic surfactant with a dye such as Congo Red or
Chicago Sky Blue (CSB) can induce the occurrence of bands in the cir-
cular dichroism (CD) spectrum of the dye/surfactant aggregate, within
the region of absorbance of the dye. Such CD bands may originate from
the enantiomeric excess generated by the deracemization of a chiral
conformation of the dye itself (i.e. at a molecular level) and/or by the

deracemization of a chiral arrangement of dye molecules (i.e. at a su-
pramolecular level), any deracemization being induced by the chiral
surfactant [28-30].

For the sake of clarity, here we refer to enantiomers, focusing
exclusively on dye molecules. However, irrespective of the nature of the
enantiomeric excess, this is induced by the chiral surfactant through
diastereomeric interactions.

In this study, we investigated assemblies formed by CSB and the
chiral enantiopure cationic surfactant (S)-N,N-dimethyl-N-(1-phenyl-
ethyl)-esadecan-1-ammonium bromide (1) at a 1:1 ratio, focusing on
their chiral response to the presence of non-chiral polyamines such as
1,3-diaminopropane, putrescine, cadaverine, norspermidine, spermi-
dine and spermine (Chart 1). Further, as a blank experiment, we
explored, the effect of n-propylamine at different ratios to simulate the
number of amine functions of the polyamines.

Under the experimental conditions the amine groups of polyamines
are protonated (the pH of aqueous solution being 6.7) and can interact
with the sulfonate groups of the dye through electrostatic interactions,
as well as with the aromatic residues of both the dye and the surfactant
via cationic-r interactions, thus influencing the organization and recip-
rocal arrangement of the components of CSB/1 assemblies. The different
molecular structure and electrostatic potential of polyamines may affect
the interaction with the dye/surfactant assembly and the supramolec-
ular organization as well. To identify the molecular interactions
responsible for the chiral bias in the final assemblies, we complemented
CD experiments with molecular dynamics simulations.

Finally, we verified the formation of CSB/1 large assemblies using
both NMR and transmission electron microscopy (TEM).
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Chart 1. Assembly components.
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2. Results and discussion
2.1. CD response of dye/surfactant assemblies

Significant results of the investigation concern the UV-vis and CD
spectra of CSB/1 aggregates including spermidine, norspermidine or
spermine (Fig. 1). The presence of any of these polyamines induces a
decrease in the absorption band at 600 nm in the UV-vis spectrum of the
dye/surfactant aggregate. In the CD spectrum, the weak positive band of
the dye/surfactant aggregate at 590 nm in the absence of polyamine
becomes more intense in the presence of norspermidine and, interest-
ingly, in the presence of spermidine and spermine is replaced by an
intense negative exciton couplet centered at ~630 nm indicating an
exciton coupling, as also suggested by the red shifted shoulder at ~680
nm in the UV-vis spectra. UV-vis and CD spectra of CSB/1/amine as-
semblies including n-propylamine, 1,3-diaminopropane, putrescine or
cadaverine do not show changes with respect to the spectra of CSB/1
and are not reported. These results could suggest the requisite of a
critical distance between amine functions and/or a critical number of
amine functions to stabilize a specific configuration.

2.2. NMR experiments

Standard one-dimensional 'H NMR experiments are a practical tool
to monitor aggregation in solution [33]. Actually, aggregation affects
the chemical shift and the linewidth of signals, possibly leading to their
disappearance, as a consequence of changes in the mobility of molecules
within the assembly. We compared the 'H NMR spectra of the single
components with those of the CSB/1 mixtures both in the absence and in
the presence of spermidine to verify self-assembling. In the spectra of the
assemblies, signal broadening is observed (Fig. S2 in SI) both in the
absence and in the presence of spermidine. Notably, due to line width
enlargement, surfactant's signals are no more observable in the spectra
of the assemblies, highlighting the formation of very large systems.

2.3. TEM imaging

Imaging of CSB/1, CSB/1/spermidine and CSB/1/putrescine as-
semblies was carried out to investigate their morphological features.

TEM experiments were performed on samples deposited both 30 min
and 24 h after the preparation of the aqueous solutions.

Fig. 2 shows the images obtained from samples deposited after 30
min (i.e. under conditions similar to those used for CD spectroscopy). All
images show very large architectures both in the presence and in the
absence of polyamine. In the presence of spermidine (Fig. 2b) fibers can
be observed (a higher magnification portion of the image is reported in
SI as Fig. S3) that over time may evolve in longer fibers as observed in
Fig. S4b of SI. Actually, all the samples show a higher extent of
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Fig. 2. TEM images of a) CSB/1 assemblies; b) CSB/1/spermidine assemblies
and c) CSB/1/putrescine assemblies obtained from samples deposited 30 min
after the preparation of aqueous solutions. The scale size bar is 200 nm in
all images.

organization in the images taken at 24 h (Fig. S4 in the SI). It has not
been possible to visualize chiral architectures.

2.4. Metadynamics simulations of dye/surfactant assemblies

To identify the entangled molecular interactions, we investigated the
assemblies formed by a small number of molecules using enhanced
sampling simulations within the framework of well-tempered [34]
metadynamics [35]. These methods are extremely useful to capture sub-
nanometer details and successfully predicted in the years the chiroptical
features of chiral soft assemblies [36,37].

Herein we investigated how spermidine, norspermidine, spermine
and putrescine modulate the chiral bias of CSB induced by the chiral
surfactant through monitoring the rotation of the dihedral angle of
central biphenyl moiety along with the two dihedral angles of azo-
naphthyl groups. The effect of the intermolecular interactions occurring
in the actual assembly was considered by including a second molecule of
1 and CSB without applying any bias in order to follow how molecular
rotations can be affected by a molecular chiral bias. Therefore, free-
energy simulations were carried out on 2:2 dye/surfactant and 2:2:2
dye/surfactant/polyamine assemblies.

The free energy landscape associated to the rotation of the biphenyl
and the two azonaphtyl groups of CSB was reconstructed (Fig. S5 in SI).
The values of biphenyl and azonapthyl dihedral angles associated to
free-energy minima of dye stereoisomers and the corresponding free
energy values were identified (Table 1).

The absolute free energy minima of CBS/1 aggregates were found at
i) 180/+140/180 (trans/trans/trans - azonapthyl/biphenyl/azonapthyl)
dihedral angle values, in the absence of polyamine, ii) 180/—50/180 in
the presence of spermidine or spermine, iii) 180/+50/180 in the pres-
ence of norspermidine, and iv) 180/+50/180 in the presence of
putrescine.

The cis conformers of azo-group dihedrals show a reduced stability
compared to the trans ones, the free energy basins relative to trans and
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Fig. 1. UV-vis (left) and CD (right) spectra of an aqueous solution of 1:1:1 CSB/1/polyamine (spermidine, solid line; norspermidine, dash line; spermine dash-dot-
dot line) run at 25 °C after incubation for 20 min at 25 °C. UV-vis spectrum of 20 pM CSB (blu trace) and the UV-vis and CD spectra of 1:1 CSB/1 heteroaggregates
(green trace). 1, CSB and polyamine were 20 pM in all recorded spectra. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Table 1
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Values of biphenyl and azonaphtyl dihedral angles of CSB stereoisomers identifying a free-energy minimum and relative free-energy levels in the different assemblies.
The absolute free-energy minima are marked in bold. Dihedrals and free-energy difference values reported are extrapolated from the 8 walker well-tempered met-

adynamics simulation. The associated error is estimated as 0.6 kcal/mol.

Az0, Biphenyl Azo, AG? (keal/mol)
CSB/1 CSB/1 CSB/1 CSB/1 CSB/1
Spermidine Spermine Norspermidine Putrescine

180.0 +140.1 180.0 0.0 1.6 6.9 1.3 1.5
180.0 —140.1 180.0 0.7 3.5 1.2 3.2 1.6
180.0 +50.0 180.0 1.8 1.9 6.2 0.0 0.8
180.0 —50.0 180.0 1.6 0.0 0.0 5.1 0.0
0.0 +130.1 180.0 10.9 13.8 17.6 10.8 14.5
0.0 -130.1 180.0 12.4 14.5 11.3 13.9 12.7
180.0 +140.0 0.0 11.5 10.5 15.2 10.1 11.6
180.0 —140.0 0.0 12.0 13.9 11.7 13.6 12.6
180.0 +50.0 0.0 11.5 11.1 17.0 9.7 10.1
180.0 -50.0 0.0 12.8 9.7 11.8 11.9 9.9
0.0 +50.0 180.0 14.1 11.1 16.7 121 12.3
0.0 —50.0 180.0 12.2 16.6 9.7 13.9 11.4
—160.0 0.0 180.0 18.1 21.7 23.2 22,5 21.3
+160.0 0.0 180.0 18.9 21.8 22.8 22.3 21.3
-9.7 140.1 0.0 23.2 26.7 23.0 25.3 23.4
9.7 —140.1 0.0 21.5 24.1 26.2 24.7 22.2

cis isomers being separated in each landscape by an energy barrier
reaching 50 kcal/mol (Fig. S5). The stereoisomers corresponding to the
absolute free energy minima are stabilized compared to the stereoisomer
of opposite configuration by ~2, 5 and 6 kcal/mol in the case of sper-
midine, norspermidine and spermine, respectively. This reveals a mo-
lecular deracemization resulting from a shift in the equilibrium of
conformational enantiomers at the level of the biphenylic moiety. The
extent of this shift is highest in the case of spermine.

Some significant structures of free-energy minima of CSB/1 aggre-
gates in the presence and in the absence of polyamine are reported in
Fig. 3. In the absence of polyamine, CSB molecules are in a cross-shape
arrangement that maximizes the distances between sulphonate groups
whereas in the presence of spermidine, norspermidine and spermine the
two molecules are aligned as the repulsive interactions of sulphonate
groups are partially neutralized. In the presence of putrescine, the
structures are characterized by a high variability ranging from almost
cross shape (~77%) to aligned (~23%) arrangements as shown by two
significant structures reported in Fig. 2e and Fig. 2f, suggestive of a very
modest neutralization of sulphonate groups. These results clearly
demonstrate that the presence of the polyamines and their nature
strongly influence the organization of CSB/1 aggregates, their energy
patterns and the chiral bias.

2.5. Simulated CD spectra

The accuracy of the predictions on the aggregate organization was
assessed through the calculation of electronic CD spectra at the ZINDO
level, with a good compromise between computational demand and
reliability in predicting the ECD spectra of chiral frameworks [38,39].
ECD spectra were calculated on free-energy minima. It is known that
both semi-empirical and TD-DFT simulation methods can overestimate
excitation energies resulting in a blue shift of the calculated spectra, thus
requiring the typical inclusion of a shift term in spectral simulations
[38,40].

The calculated spectra, that include a shift term, are reported in
Fig. 4. An intense negative exciton couplet is predicted when two
naphtyls are stacked with an anticlockwise rotational shift and the in-
tensity of the band is predicted to increase when the extent of n-stacking
is higher. The most intense couplets are predicted for assemblies
including spermidine and spermine, both centered at ~640 nm. A
modest positive band is predicted for the assemblies including nor-
spermidine. No CD bands are predicted in the absence of polyamine and
in the case of the assembly including putrescine. The correspondence

between experimental and theoretical spectra is good if we consider that
some differences might arise due to thermal contributions and solvent
effects.

2.6. Intermolecular interactions

Given the good convergence between experimental and theoretical
results, details on the organization of the various assemblies can be
safely extrapolated by analyzing the structures of the free energy
minima and measuring the averaged distances between the centroids of
functional groups of surfactant and dye molecules.

In the absence of polyamine CSB molecules are quite far apart in
their cross topology (the average distance between the center of mass of
1-1' carbon atoms of biphenyl aromatic rings being 13 A), with mole-
cules of 1 in between them spreading out their alkyl chains along dye
molecules.

In the presence of spermidine, norspermidine and spermine, in the
aligned arrangement of CSB molecules two naphthyls of different dye
molecules give n-stacking with an average distance between their cen-
troids of 4.2 A. At the other end of the assemblies, the planes of the other
two naphthyls are almost perpendicular to each other. However, some
crucial differences arise from the different molecular structure of the
polyamines, that control their consequent arrangement in the assem-
blies and the overall arrangement of the assemblies.

Both molecules of spermidine are positioned on the side of stacked
naphtyls, their main axes being perpendicular to the planes of naphtyls,
and both engage nitrogen atoms on 1 and 3 position (i.e separated by a
three-methylene residue) in ‘clip’ interactions, each one of which grips
two sulphonate groups exposed on parallel naphtyls in gauche like
orientation (Fig. 5a). At the other end of the assembly repulsive in-
teractions keep far apart the sulphonate groups. Both clipping of
naphtyls on one side of the assembly and electrostatic repulsion on the
other side generate a rotation of the plane of one stacked naphtyl with
respect to the plane of the other naphthyl to yield an anti-clockwise helix
(stabilized with respect to the enantiomeric one by interactions with the
chiral surfactant, at 5.1 A from the stacked naphtyls), and attribute a
helical shape to the whole assembly.

Differently, the molecules of spermine and norspermidine are
located at both ends of the assemblies and the stacked naphtyls are
antiparallel with amine groups in anti like orientation. This topology
involves only eclipsing of functional groups of opposite charge.
Furthermore, the main axes of both polyamines are kind of parallel to
the planes of stacked naphtyls and each amine group interacts with
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Fig. 3. Significative structures of free-energy minima of CSB/1 assemblies in a) the absence of polyamines and in the presence of b) spermidine, c¢) norspermidine, d)
spermine, e) putrescine (aligned arrangement), f) putrescine (cross shape arrangement). The molecules are represented in sticks and colored according to their atom
types (red-oxygen, blue-nitrogen, yellow-sulfur atoms, cyan-carbon atoms of CSB and silver-carbon atoms of 1 and polyamines). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

sulphonates exposed on both stacked naphtyls. Spermine mainly en-
gages each of its two pairs of amine groups, located at positions 1 and 3,
and 7 and 10 (N atoms of each pair separated by a three-methylene
residue), with different pairs of sulfonates on parallel naphthyl rings.
Norspermidine engages each amine group in 3 and 6 positions with
three sulphonate groups, and the central amine group with four. How-
ever, while in the presence of spermine all sulphonate groups are at a
distance <4.5 A from at least one of the amino groups, in the case of
norspermidine one of the sulphonate groups of the dye is at a distance
>7.5 A from all the amino groups. In the case of spermine it is possible to
appreciate a slight rotational shift of naphtyls, probably due to the
efficient electrostatic interactions between amino groups and sulpho-
nate groups of stacked naphthyls. The other molecule of norspermidine
or spermine interacts with sulphonates groups at the other end of the
assembly, thus decreasing electrostatic repulsion and yielding a more
compact shape of the assembly with respect to that including
spermidine.

In the presence of putrescine, the aggregate organization markedly

differs from those described above. The two CSB molecules are well-
separated, with molecules of 1 positioned between them in a head to
tail arrangement. This stands in contrast to the other assemblies where
they are tangled up with CSB molecules. Putrescine molecules do not
interact closely with sulfonate groups, however partial neutralization
occurs allowing CSB molecules to occasionally adopt an aligned
arrangement, differently from what found in the absence of amine.
This analysis has identified some key interactions that might control
the handedness of the assembly induced by the chiral surfactant. On the
one hand spermidine engages two out of its three amine functions in
clipping coulombic interactions with sulphonate groups, spermine ex-
ploits its four amine functions in defined pairs to interact with different
pairs of sulphonate groups and norspermidine engages all its three
amine functions. Interestingly in all the polyamines the amine groups
performing as a pair are separated by three methylenes. On the other
hand, putrescine, where amine functions are separated by a four-
methylene chain, interacts very loosely with sulphonate groups. These
observations could suggest that the presence of two amine functions
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linked by a three-methylene chain might be the critical feature enabling
concurrent interaction with two molecules of dye. However, CSB/1 as-
semblies are CD silent in the presence of 1,3-diaminopropane. There-
fore, the synergy of two amine functions at a given intramolecular
distance is important but not sufficient and the other amine groups
contribute to the specificity of the interaction and to the topology of the
assembly. Additional coulombic interactions between amine and
sulphonate functions can be found in the structures of the energy
minima. For example, the amine function on position 7 of one of the
molecules of spermidine reinforces the clip action of the pair of amine
groups by interacting with one of the clipped sulphonates. In the case of
spermine, the amine function on 3 position interacts with two sulpho-
nates on different naphtyls at a shorter distance (as discussed above) and
with a third one at a larger distance. Other interactions involve amine
groups in 7 and 10 positions of spermine and the amine groups of nor-
spermidine, as evidenced in Fig. 5.

2.7. Molecular electrostatic potentials (MEP) of polyamines
The molecular structure of the investigated polyamine, and hence

the number of amine functions and their intramolecular spacing in-
fluences their conformational flexibility and their electrostatic potential
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thus ultimately controlling their interaction with the CSB/1 assemblies.
To elucidate these effects, we calculated the MEPs of all the polyamines
reported in Chart 1, as well as that of 1,3-diaminopropane. Calculations
were performed for the all-trans conformations and, in the case of
spermidine, spermine, and norspermidine, also for the conformations
observed within the free-energy minima where they interact with
stacked naphthyl groups. Fig. 6 reports the comparison of the electro-
static potentials calculated in the case of the trans conformations: the
highest electrostatic potentials are observed, in decreasing order, for
spermine, norspermidine and spermidine, whereas significantly lower
values are observed for 1,3-diaminopropane, putrescine and cadaverine.
It is clear from the maps of electrostatic potential that the 1-3 spacer is a
key element for an effective interaction only in the presence of a third
amino group, at least. This finding could rationalize the results obtained
in the UV-vis and CD experiments and in the metadynamics simulations.
Actually, as mentioned above, UV-vis and CD spectra of CSB/1/amine
assemblies including 1,3-diaminopropane, putrescine or cadaverine are
identical to those of CSB/1 and this is evidently due to the fact that,
because of their low electrostatic potential, these amines do not interact
efficiently with the CSB/1 assembly. Further, the structures of free en-
ergy minima obtained by metadynamics simulations confirmed that
putrescine interacts very loosely with the CSB/1 assembly affecting its
arrangement to a low extent.

Fig. 7 reports the electrostatic potentials of spermidine, spermine
and norspermidine in the conformations found within the structures of
the free energy minima of the assemblies. The comparison shows that
the amino group of spermidine in position 7 features the lowest elec-
trostatic potential, thus justifying the engagement of two molecules to
efficiently neutralize the sulphonate groups of the dye.

3. Conclusions

The outcome of a CD investigation showed that polyamines can
differently shape the chiroptical properties of assemblies formed by CSB
and a chiral enantiopure cationic surfactant; hence we performed a

theoretical study focusing on small aggregates to determine the minimal
structural units required to give a measurable CD response. The CSB/
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surfactant assembly is organized in a cross-shape pattern that trasforms
into an aligned pattern in the presence of specific polyamines. Both
patterns can potentially grow taking on a chiral shape. The detection of a
supramolecular architecture chirality depends on many parameters,
such as intermolecular distances and n-stacking geometry that produce
an exciton coupling, clearly detectable by CD. In assemblies that do not
exhibit a supramolecular chiral shape still CD spectroscopy can detect
chirality, this time in the form of an enantiomeric excess at molecular
level yielded by the deracemization of one or more chiral conformations
of the dye.

The CD spectra of CSB/1 assemblies including spermidine and
spermine might be diagnostic of the deracemization of a supramolecular
helix formed by the rotational shift of stacked naphtyls. In the case of
spermidine the formation of the helix can be ascribed to clipping of
sulphonate groups by the molecules of polyamine on one end of the
assembly and to Coulombic repulsion and conformational freedom on
the other end, whereas in the case of spermine it can be ascribed to the
efficient neutralization of sulphonate groups of stacked naphtyls by a
single molecule of polyamine. In both cases the observed handedness of
the helix is induced by the chiral surfactant through various intermo-
lecular interactions.

In the absence of polyamine and in the presence of norspermidine the
pattern of the CD spectrum is different and could indicate exclusively
deracemization of the biphenyl moiety, as also indicated by calculations,
and/or of other chiral conformations of the dye.

This study suggests that non chiral metabolites featuring key func-
tional groups can be crucial in the transcription of the genetically
codified handedness of natural systems. While chiral templates are
fundamental, their functional expression may depend on the presence of
specific non-chiral cofactors. Therefore, in our model we would not
observe any deracemization, either at the molecular or at the supra-
molecular level, if the surfactant (our template) were not chiral; how-
ever specific polyamines shape and enhance the extent of
deracemization.

MEP (kcal/mol)
296

151

norspermidine

spermine

At AR AAAAT

Fig. 6. MP2/6-31 G(d,p) MEP (0.001 isodensity surface) of the investigated polyamines in all trans conformation. Values in the color bar are in kcal/mol.
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Fig. 7. MP2/6-31 G(d,p) MEP (0.001 isodensity surface) of spermidine, norspermidine and spermine calculated on the representative conformation of polyamines
on the free energy minima obtained by metadynamics simulations. Values in the color bar and the reported calculated maximum points of the electrostatic potential

(Vs,max) are in kcal/mol.
4. Materials and methods
4.1. Materials

Chicago Sky Blue (CSB), 1,3-propandiamine, 1,5-pentandiamine
(cadaverine), bis-(3-aminopropyl)amine (norspermidine), 1,4-butandi-
amine (putrescine), N-(3-aminopropyl)butan-1,4-diamine (spermidine)
and N,N-bis(3-aminopropyl)butan-1,4-diamine (spermine) were pur-
chased from Sigma Aldrich.

Chiral cationic surfactant (S)-N,N-dimethyl-N-(1-phenylethyl)-esa-
decan-1-ammonium bromide (1) was prepared following a procedure
reported in the literature.

Milliq water was used for sample preparations. DoO was purchased
from Sigma-Aldrich.

4.2. Sample preparation

For sample preparation, 1.0 mM stock solutions of CSB, 1 and poli-
amines in Milliq water were prepared. The protocol of addition was the
following: 60 pL of 1.0 mM 1 solution were diluted with MilliQ water to
2880 pL, then 60 pL of 1.0 mM CSB were added and the resulting so-
lution thoroughly stirred, finally 60 pL of 1.0 mM polyamine were
added. For CSB/1 aggregates in the absence of poliamine, after addition
of the dye, 60 pL of MilliQ water were added. The volumes were chosen

to have 3.0 mL of the final solution with [CSB] = [1] = [polyamine] =
20 pM. After mixing the components, samples were left to incubate for
20 min at 25 °C or heated to 50 °C for 30 min before being analyzed.

4.3. UV-vis and CD experiments

Absorption spectra were recorded on a Cary 300 UV-vis double beam
spectrophotometer whereas CD spectra were recorded on a Jasco spec-
tropolarimeter J-715, both equipped with a Peltier device for tempera-
ture control.

CD spectra are the average of 16 scans obtained with an instrument
scanning speed of 100 nm/min, response time of 1 s, and resolution of 1
nm.

CD and UV spectra were recorded at 25 °C in the 800-250 nm
spectral range, using 1.0 cm path length quartz cuvette. Because pre-
vious investigations showed that the CD spectra of dye/surfactant as-
semblies recorded shortly after preparation differ from those recorded
after equilibration of samples at 50 °C [41], samples were analyzed 20
min (at 25 °C) after preparation and after heating for 30 min at 50 °C
(see SI).

4.4. NMR measurements

NMR spectra were recorded at 27 °C on a Bruker AVANCE 600
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spectrometer operating at a proton frequency of 600.13 MHz.

Samples were prepared in deuterated water and then treated before
analysis as described above.

Presaturation during the relaxation delay was used to suppress the
water signal.

4.5. Transmission electron microscopy (TEM)

The morphology of the heteroaggregates was analyzed using trans-
mission electron microscopy, employing the negative staining tech-
nique, which allows the structure to be observed in bright field against
the background of heavy metal staining.

The samples (10 pL) were dropped onto a copper grid coated with
carbon-coated Formvar, 30 min and 24 h after preparation respectively,
and left to adsorb for 60 s.

The grid was first immersed in a drop of 2% (w/v) aqueous uranyl
acetate solution for 150 s, then in a drop of distilled water and finally in
another drop of uranyl acetate for 60 s. After gently removing the excess
solution, the samples were rapidly air-dried. The entire procedure was
carried out at room temperature, and the resulting grid was then imaged
using a JEOL 1200 EX II electron microscope. The micrographs were
captured using an Olympus SIS VELETA CCD camera equipped with
Olympus software.

4.6. Simulation details

The assemblies investigated were composed by two molecules of
CSB, two molecules of the (S)-N,N-dimethyl-N-(1-fenyl-etyl)esadecane-
1-ammonium ion (1) and two molecules of each of one of the investi-
gated polyamines, namely spermidine, spermine, norspermidine and
putrescine. To reproduce the experimental conditions at neutral pH,
amine groups were modeled in their protonated state. All the systems
were solvated adding 5239 water molecules and the net excess charge
was neutralized adding chloride or sodium ions where necessary (i.e. no
counterions in the case of spermidine and norspermidine, two chloride
ions in the case of spermine and two sodium ions in the case of putres-
cine). The dye/surfactant heteroaggregate in the absence of polyamine
was also considered for comparison, six sodium ions were added to
guarantee charge neutrality.

All the structures were initially equilibrated through 10 ns of MD at
300 K, followed by 10 ns of steered molecular dynamics (SMD) along the
three torsions belonging to the biphenyl and the two naphtyl groups.
The eight diastereoisomers, (trans-trans-trans, trans-cis-trans, trans-trans-
cis, trans-cis-cis, cis-trans-trans, cis-cis-trans, cis-trans-cis, cis-cis-cis) were
then modeled. The Cy symmetry breaking owing to the interactions of
CSB with the chiral surfactant 1 originates the diastereoisomers cis-
trans-trans/trans-trans-cis and cis-cis-trans/trans-cis-cis.

Well-tempered [34] metadynamics [35] simulations were run using
as collective variables the torsion of the biphenyl and of the two naphtyl
groups in one of CSB molecules. Multiple walkers [42] methodology was
used to accelerate the free energy convergence. Eight walkers were
considered in order to represent all the diastereoisomers in the other
CSB molecule where no metadynamics bias was applied. Gaussians with
a height of 0.6 kcal/mol were deposited at 1 ps time interval, with a bias
factor equal to 10. Periodic boundary conditions were applied
throughout the simulations to minimize finite-size effects.

NVT ensemble with a temperature of 300 K were enforced using a
Langevin thermostat, as implemented in the GROMACS molecular dy-
namics code - version 2016.3 [43] Electrostatic interactions were
calculated using the Particle Mesh Ewald method [44]. The time-step
was set to 2 fs. The LINCS algorithm [45] was applied to fix all bond
lengths. Good convergence of the free-energy surfaces was obtained in
the Well Tempered-Metadynamics runs, and recrossing multiple times
between the cis and trans states (Fig. S3 in SI).

The potential developed by Bockmann et al. for naphtyl torsions [41]
was used to treat the naphtyl units, the potential of Karpfen et al. [46]
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was used to treat the biphenyl units, the AMBER99SB potential was used
to treat the other part of the molecules and the counterions. TIP3P po-
tential [47] was used for water molecules. The ESP charges of the sur-
factant molecule were calculated using Gaussianl6 [48] on the
optimized structures at the Hartree-Fock (HF) level within the 6-31G(d)
basis sets [28].

4.7. Calculations of electronic CD and UV spectra

The intrinsic rotatory strengths were calculated for the conforma-
tions belonging to the main free-energy minima of the CSB/1/poly-
amines heteroaggregate simulations.

ECD spectra calculations were run using Gaussian 16 package. Fifty
singlet excited states of the CSB/1/polyamine and CSB/1 were calcu-
lated using the ZINDO semiempirical parametrization [49-51]. The
rotatory strengths are reported in the usual c.g.s. units of 104 esu.cm.
erg/G.

The calculations of the ECD spectra at a given wavelength, )\, were
carried out assuming Gaussian bands with 1400 cm ™ full width at half-
height (from 200 nm to 800 nm) for all transitions centered in a given
excitation wavelength. A factor of 2.278 was applied during the con-
version of rotatory strengths and Ae values, as reported previously
[51,52]. The CD intensities of the conformers belonging to the main free-
energy mimina with the azide groups in trans and cis conformation were
averaged according to the weight of each free-energy minimum through
eq.1, where ¢4, ¢2, dp3 are the biphenyl and the two naphtyl group tor-
sions, P is the inverse of the kT term, k being the Boltzmann constant.

Z CDAe*/jF((/’lv(/’z-'ﬁa)

<CD; >= S e dad)

(€8]

4.8. Calculation of molecular electrostatic potentials (MEP)

The molecular electrostatic potential (MEP) on the 0.001 ea, 3 elec-
tron density isosurface of polyamines were calculated at the MP2/6-31
G(d,p) level of theory by using the wavefunction generated by Gaussian
16 package and analyzed with Multiwfn program [53].
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