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Chirality at a supramolecular level is currently attracting great attention attributed to rapid developments in

supramolecular chemistry. Herein, we report a new type of chiral self-assembly based on the cyanine dye
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The origin of optical activity on earth has been a major topic of
interest in the scientific community. There are many chiral
substances in nature, ranging from chiral drugs, bio-
macromolecules, and supramolecular systems, to microbes with
spiral viruses, larger biological species such as snails, and even
larger galaxies.! The concept of molecular chirality has long been
recognized and provided guidance in the application of drugs
and functional materials, while supramolecular chirality has
attracted great attention in recent years.” Supramolecular
chirality can be regarded as chirality at a supramolecular level in
supramolecular chemistry, and is strongly related to self-
assembly connected by non-covalent bonds. Molecular self-
assembly plays an important role in supramolecular systems,
which may process supramolecular chirality.® Chiral induction is
the main source of chirality for supramolecular self-assembly, for
example a main way of constructing and regulating chiral
supramolecules is using biomolecules such as proteins, poly-
peptides, and duplex DNAs as templates.” The introduction of
chiral molecules into achiral construction units and thus the new
formation of self-assemblies leads to chiral signals.

In fact completely achiral molecules can also self-assemble
into chiral supramolecular systems, which is defined as sponta-
neous symmetry breaking. Asymmetric environments between
different interfaces are necessary for symmetry breaking, thus led
to chiral liquid crystals, micelles, gel systems, LB films and so
on." However, there are only a few published reports of the

“National Laboratory for Molecular Sciences, Center for Molecular Sciences, State Key
Laboratory for Structural Chemistry of Unstable and Stable Species, Institute of
Chemistry Chinese Academy of Sciences, Beijing 100190, China. E-mail: wlx8825@
iccas.ac.cn; tangyl@iccas.ac.cn; Fax: +8610-82617304

Center for Physicochemical Analysis and Measurement, Institute of Chemistry Chinese
Academy of Sciences, Beijing 100190, China

“University of the Chinese Academy of Sciences, Beijing, 100049, China

(ESI) available. See DOI:

t Electronic  supplementary  information

10.1039/c9ra00063a

This journal is © The Royal Society of Chemistry 2019

MTC. The chiral H-aggregates of MTC could form spontaneously from achiral J-aggregates, and could
return back to achiral J-aggregates in high concentration on increasing the solution temperature.

aggregation of achiral cyanine molecules in solution to form
supramolecular chirality.” To our knowledge, the first paper on
this issue was published in 1996, Ddhne and co-workers found
hydrophobic interaction between long alkyl chains of organic
dyes played an important role in inducing the achiral molecules
to undergo J-aggregates with supramolecular chirality.® In this
manuscript we found cy3 dye MTC,” 3,3'-di(3-sulfopropyl)-
4,5,4',5'-dibenzo-9-methyl-thiacarbocyanine triethylammonium
salt, without long alkyl chains could lead to the formation of
chiral H-aggregates. And the chiral H-aggregates was converted
from achiral J-aggregates, and they are reversible in a certain
temperature range. Further the formation of chiral H-aggregates
was dependent on the concentration of alkali salts.

Cyanine dyes known as the oldest classes of synthetic
compounds,® have shown a great tendency to self-associate, and
find numerous applications in a variety of fields.” The different
aggregates of cyanine dyes can be distinguished by UV/Vis
spectroscopy, for example, H-aggregates is blue-shifted
absorption band and J-aggregates is red-shifted absorption
band, relative to monomer state.'® As is known, MTC (Fig. 1)
prefers to form H-aggregates with A = 514 nm in pure water,"
which didn't show chiral signal by CD spectra. And by adding
chloride salts into the above solution of MTC H-aggregates,
which can transform into J-aggregates gradually.’> However in
our research, we found that 200 uM MTC methanol solution was
treated with 30 mM NaCl aqueous solution in the volume ration
of 1:1, leading to the formation of chiral MTC H-aggregates.
When the above solution was diluted to 5 uM, the H-
aggregates was characterized by UV/Vis spectra with the
appearance of A = 479 nm and A = 446 nm (Fig. 1a and 2a),
exhibiting distinct changes of blue shifted signals in the
absorption band as compared to the monomeric state of A =
583 nm in methanol solution. The chiral feature of new formed
H-aggregates was found by CD spectra, and it showed obviously
strong molar ellipticity at room temperature.
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Fig. 1 The absorption spectra of 5 uM MTC in different states.
In our studied system, we found that achiral J-aggregates in
100 uM are firstly formed, and the solution color presents purple.

At room temperature, the color of solution changes from purple
to orange in 2 h (Fig. 2¢), and the orange solution corresponds to
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Fig. 2 The transformation from achiral J-aggregates to chiral H-
aggregates at room temperature. (a) UV-Vis spectra and (b) CD spectra
in 5 uM, all samples were tested after they stood for 2 hours; (c) the
solution color changes in 100 uM in 2 hours.
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chiral H-aggregates. During the conversion process, the corre-
sponding signals of chiral H-aggregates in 5 uM enhance grad-
ually by UV-Vis (Fig. 2a) and CD spectra (Fig. 2b).

The aggregates of cyanine dyes are very sensitive to external
environments, such as solvent, salt, temperature and so on. In
our study, we investigated the stability of chiral MTC H-
aggregates, which are affected by various temperatures. For
the new formation of chiral MTC H-aggregates, they are very
stable for several months at room temperature or at 4 °C in the
fridge. Even increasing the temperature to 60 °C, the chiral
characteristics of MTC H-aggregates in 5 uM could be main-
tained (Fig. 3). But in high concentration of 100 uM, as the
temperature rises, chiral MTC H-aggregates will gradually
transform back to achiral J-aggregates. And meanwhile, the
transit rate had a positive correlation with the temperature. For
example at 50 °C, the chiral H-aggregates transformed to achiral
J-aggregates just in five minutes. To our delight, the chiral MTC
H-aggregates are restored again when the temperature comes
back to room temperature.

It was reported that inorganic salts could promote and
accelerate J-aggregation of cyanine dye in water by increasing its
effective dielectric constant, and they could also reduce the
electrostatic repulsion between dye anions.”* We are full of
curiosity about the effect of NaCl in the formation of chiral MTC
H-aggregates. As shown in Fig. 4a, 200 uM MTC methanol
solution treated with deionized water without any NaCl presents
H-aggregates, with A = 531 nm mainly and a shoulder peak
assigned to a monomer state at A = 583 nm, which are achiral.
Treated with NaCl aqueous solution at various concentrations,
new blue-shifted H-aggregates (A = 479 nm and A = 446 nm)
appear, and previously formed H-aggregates (A = 531 nm) and
the monomer state (A = 583 nm) disappear gradually. Mean-
while, the increased chiral signals of new formed H-aggregates
are confirmed by CD spectra (Fig. 4b). And the high concen-
tration of NaCl could accelerate the formation of chiral H-
aggregates, but also bring the precipitation behaviour. Besides
NacCl, we also evaluate the influence of KCI and LiCl. KCI had
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Fig. 3 The stability of MTC chiral H-aggregates in 5 uM at various
temperatures monitored by CD spectra, and all samples were tested
after they stood for 0.5 hours at designated temperatures.
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Fig.4 UV-Vis spectra and CD spectra of MTC self-aggregates in 5 uM
dependent on the titration of NaCl (a and b) and LiCl (c), and all
samples were tested after they stood for 2 hours at room temperature.

the similar effect on the formation of chiral MTC H-aggregates
(Fig. S1t). As shown in Fig. 4c, for LiCl in high concentration
with the value bigger than 50 mM, it also could induce the
formation of chiral MTC H-aggregates. While the concentration
of it was lower than 50 mM, just achiral J-aggregates was found
(Fig. S27). Upon the addition of LiCl in various concentrations,
the conversion from achiral J-aggregates into chiral H-
aggregates was obvious slower, maybe attributed to the
smaller sizes of lithium ions, which has a much weaker ability
to provide asymmetric environments.

The metal salts played a critical role in the formation of
chiral MTC H-aggregates, and it is certain that metal salts firstly
induce the formation of J-aggregates. The conversion was also
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measured by dynamic light scattering (DLS) method to obtain
the size distributions of these aggregates. Table 1 summarized
the size information for each aggregate including Z-average
diameter and major peak diameter. Z-average diameter was
used to estimate the size of each aggregate. Achiral J-aggregates
had a bigger Z-average 1.95 um, than the Z-average value for
chiral H-aggregates 0.64 pum, obviously.

Transmission electron microscopy (TEM) measurements, as
a complementary method, further confirm the structure of
chiral H-aggregates macroscopically. The Cryo-Tem micrograph
of a 100 uM chiral H-aggregates solution sample is displayed in
Fig. 5, and the spiral fibrils can clearly be seen.

It was reported that the role of metal salts was to reduce the
electrostatic repulsion between dye anions, thus accelerating
the formation of J-aggregates in cyanine dyes."'> While, in our
studied system, the achiral J-aggregates could further transform
into chiral H-aggregates at room temperature. It was speculated
that alkali metal ions listed in different environments for
achiral J-aggregates and chiral H-aggregates. First of all, the
alkali metal ions replaced its ammonium cations in bigger
sizes, and induced the formation of achiral J-aggregates. Then,
owing to the presence of propyl sulfonates, the electrostatic
interaction between them and alkali metal cations, led to the
formation of chiral H-aggregates, showing two absorption of it
at 479 and 446 nm, which allows the appearance of the angle
a as shown in the possible model. The possible model for the
new formed chiral H-aggregates was proposed (Fig. 6), taking
into account the electrostatic interaction between the single dye
anions and alkali cations, and the 7t/ interaction between the

Table 1 The particle sizes obtained using DLS for kinds of aggregates
in freshly prepared 100 uM solution at room temperature

Z-average Peak 1 diameter Peak 2 diameter
Aggregate (nm) (nm) (nm)
Achiral J-aggregates  1951.9 2118.0 95.6
Chiral H-aggregates 642.0 800.4 152.7

=200

Fig. 5 Cryo-Tem micrograph of a 100 uM chiral H-aggregates solu-
tion sample. Bar: 200 nm.
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Fig. 6 (a) Schematic illustration of the achiral J-aggregates and chiral
H-aggregates. MTC dye molecule: shown as purple or orange cuboid;
alkali metal cations are shown as blue balls. (b) Front view of the
proposed model structure of chiral H-aggregates.

single dye molecules. Similar structures have been previously
proposed for other chiral dye self-aggregates.® NMR spectrum
indicated that the chemical shift of **Na gradually shifted to
high field with a smaller value, during the transformation
process from achiral J-aggregates to chiral H-aggregates (see
Fig. S51), maybe due to the decreased deshielding effect
resulting from the increased space between the two facing dye
molecules.

In summary, chiral H-aggregates of a cyanine dye MTC has
been investigated. The chiral features of it have been character-
ized through CD and TEM methods. Chiral H-aggregates can be
converted from achiral J-aggregates, and the transformation
process have been proved by UV-Vis, CD spectra, and DLS
methods, along with the changing solution colours visible to the
naked eyes. MTC chiral H-aggregates could be regulated by
different alkali metal salts, and thus endows the MTC and its
aggregates great advantages in optical application such as
molecular probe. Recently, we have made great progress in
recognizing some specific DNA and protein structures by achiral
cyanine dye aggregates.'* As is known, biological molecules such
as DNA and protein are both chiral and could provide chiral
recognition sites, and in our recent research chiral H-aggregates
are superior to achiral J-aggregates for recognizing special DNA,
owing to their chiral features. The excellently chiral feature of
MTC would encourage us to further investigate their aggregation
mechanism and application as molecular probe.
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