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Asymmetric living supramolecular polymerization
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The kinetic self-assembly properties of an achiral aza-BODIPY dye 1 bearing two hydrophobic fan-
shaped tridodecyloxybenzamide pendants through 1,2,3-triazole linkages were investigated in detail in
chiral solvents (S)- and (R)-limonene by UV/Vis absorption spectroscopy, CD spectroscopy, AFM, and
TEM. The spectroscopic studies indicated the formation of thermodynamic H-aggregates (Agg. Il) with a
helical morphology, while metastable aggregates (Agg. I) could only be observed in the fast cooling
process of 1 in limonene. According to further analysis of the spectroscopic data using the nucleation—
elongation model, the mechanistic aspects of the self-assembly process of dye 1 were elucidated. The
macroscopic chirality and helicity of supramolecular aggregates were found to be dependent on the chir-
ality of the limonene solvents. Since the kinetic trapping of Agg. I, could not be attained in experiments,
an effective strategy for asymmetrical living supramolecular polymerization (LSP) of dye 1 was developed
by employing the seeds in the chiral solvent limonene and the kinetically-trapped metastable aggregates
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LSP in the MCH/limonene solvent mixture even at a very low limonene ratio (less than 1%), which could
be ascribed to the chiral memory effect of dye 1 aggregates upon continuous dilution of the chiral
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Introduction

In the recent decade, molecular aggregates with supramolecu-
lar chirality’ have gained considerable attention and been
investigated widely due to their assembly mechanism® and
applications, such as in chiral recognition and sensing,® supra-
molecular chiral catalysis,* chiral optic and electronic devices,’
and biomaterials.® It has been demonstrated that for
n-conjugated molecules, such as porphyrins,” oligo(p-pheny-
lene vinylene)s,® perylene and naphthalene bisimides,” hexa-
benzocoronenes, ™ etc., supramolecular chirality and structural
helicity can be obtained for one-dimensional z-stacks by intro-
ducing side chains with a permanent chiral center. On the
other hand, it is more challenging to construct chiral supra-
molecular assemblies from achiral building blocks since the
resultant products are usually a mixture containing equal
amounts of both right- and left-handed helical stacks and thus
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environment in the solvent mixture during the LSP process.

racemic on the whole."* To introduce macroscopic supramole-
cular chirality as well as helicity bias in such systems, the
employment of experimental conditions including chiral
organic solvents,'? chiral additives,"® vortex motion by stir-
ring,"* and circular polarization light'> has been reported.
Furthermore, it has been found that the supramolecular chiral-
ity of assemblies can be first induced using small molecular
chiral additives or chiral solvents and then maintained upon
subsequent removal of the chiral inducers until the lowest
thermodynamic state is reached. Such a chiral memory effect
has been utilized as an important strategy for chirality imprint-
ing in supramolecular assemblies composed of achiral build-
ing blocks.'® Examples of the chiral memory effect using
H-bonded acid additives,'” as well as solvents'® as chiral tem-
plates have been reported for the control of the handedness of
supramolecular chirality of self-assembly systems.

In our previous work," we reported the aza-BODIPY dye 1
(Scheme 1a) bearing two fan-shaped tridodecyloxybenzamide
pendants, which exhibited biphasic assembly pathways
towards kinetic-controlled metastable aggregates (Agg. Iy) and
thermodynamic products (Agg. Ily) as well as the capability of
living supramolecular polymerization (LSP) in the apolar
solvent methylcyclohexane (MCH). The pathway complexity of
dye 1 could be ascribed to the interconvertible intermolecular-
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Scheme 1 (a) Chemical structure of aza-BODIPY dye 1. (b) Conformational interconversion of the intermolecular and intramolecular H-bond moi-
eties in dye 1. (c) Chemical structures of (S)- and (R)-limonene solvents. (d) Schematic illustration of the kinetic aggregation pathways of dye 1 in
MCH (left) and (S)-limonene (right) for the unstable Agg. I, and thermodynamically stable in chiral solvents and the metastable Agg. Iy in MCH can
be transformed into the chiral Agg. Il via seeded living supramolecular polymerization by adding the seed of Agg. I, in (S)-limonene.

intramolecular H-bonding patterns (Scheme 1b) and n-r stack-
ing interactions of the tetraphenyl-substituted aza-BF,-dipyrro-
methene chromophores. In the current work, we further
explored the supramolecular assembly of dye 1 in chiral non-
polar solvents, i.e. (S)- and (R)-limonene, and elaborated the
impact of chiral bias imposed by the chiral solvents on the
supramolecular chirality of the aggregates of achiral dye 1.

Moreover, a strategy to control the supramolecular chirality
of the dye 1 aggregates by asymmetrical LSP was proposed and
investigated (Scheme 1d), in which the seeds of thermo-
dynamic aggregates in the chiral solvent limonene (Agg. II,)
and the kinetically-trapped metastable aggregates in MCH
(Agg. Iy) were used to obtain the chiral aggregates of dye 1 by
exploiting the chiral memory effect of dye 1 aggregates upon
continuous dilution of the chiral component in the MCH/limo-
nene mixture during the multiple-cyclic LSP operation.

Results and discussion

In both (S)- and (R)-limonene, the self-assembly pathways of
aza-BODIPY dye 1 were investigated by temperature- and con-
centration-dependent UV/Vis and CD spectroscopy. At 343 K,
the characteristic absorption band for monomeric dye 1 was
observed in (S)-limonene with an absorption maximum at
684 nm. When this solution was cooled quickly at a rate of
10 K min~", obvious spectral changes were observed (Fig. 1a).
From 343 K to 317 K, the absorption band around 680 nm was
gradually lowered with a slight bathochromic shift of the
absorption maximum to 692 nm. Meanwhile, an increase in
the absorption around 750 nm was also observed. Upon con-
tinuously decreasing the temperature from 317 K to 273 K, the
absorption at 750 nm started to decrease while a new absorp-
tion band appeared at 595 nm with a large hypsochromic shift
of ca. 90 nm with respect to the monomer band. The unusual
spectral changes at 750 nm (Fig. 1a, inset) are comparable to
those observed for dye 1 aggregation in MCH' and can be
explained by the first formation of metastable aggregates (Agg.
Iy in Scheme 1d), which quickly transformed into thermo-
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dynamically more stable H-aggregates (Agg. II;) upon further
cooling. However, unlike Agg. Iy in MCH, it was observed that
Agg. I, in limonene could not be trapped kinetically even with
a fast cooling rate of 20 K min~". Obviously, this character is
disadvantageous for the use of Agg. I, in further LSP studies.
In contrast, upon slow cooling the monomer solution from
343 K to 273 K at a rate of 0.5 K min~" (Fig. S1t), the spectral
changes around 750 nm could not be detected anymore, while
at the same cooling rate in MCH the appearance of metastable
Agg. Iy could still be distinguished from the UV-Vis absorption
spectra, implying that Agg. I in limonene is less stable than
Agg. Iy in MCH. Similar kinetic aggregation behaviour was
observed for dye 1 in (R)-limonene (Fig. S27).

Furthermore, the chirality induction by the chiral solvent
(S)-limonene towards the aggregates of dye 1 was investigated
by CD spectroscopy (Fig. 1b). With a cooling rate of 0.5 K
min~" of dye 1 in (S)-limonene, a bisignated CD signal located
at 582 nm started to rise from 315 K and reached the
maximum at 273 K. This result is indicative of the formation
of chiral supramolecular aggregates (Agg. II) of dye 1 in the
homochiral limonene solvent. In addition, the sign of the
observed CD signal of Agg. II;, depended on the chirality of the
solvents, i.e. a negative Cotton effect was observed in (S)-limo-
nene, while the Cotton effect in (R)-limonene was positive
(Fig. S37), suggesting that the helical sense of the n-stacks of
aza-BODIPY 1 in (S)-limonene and (R)-limonene was opposite
(Fig. S4t). According to the exciton chirality method,'® the
negative Cotton effect observed in (S)-limonene indicated the
preferential formation of left-handed (M-configured) n-stacks
of dye 1, while right-handed (P-configured) helical stacks were
more preferred in (R)-limonene.

For further mechanistic understanding of the aggregation
process of dye 1 in chiral limonene, the nucleation-elongation
model developed by van der Schoot et al.>® was applied to
analyse the temperature-dependent UV/Vis and CD spectro-
scopic data for dye 1. The experimental and model-simulated
fraction of aggregated molecules (a,g,) was plotted vs. tempera-
ture (Fig. 1c) and the resultant thermodynamic parameters,
such as elongation temperature 7, and elongation enthalpies,

This journal is © the Partner Organisations 2022
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Fig. 1 (a) Temperature-dependent UV/Vis absorption spectra of dye 1 upon cooling from 343 K to 273 K at 10 K min~* in (S)-limonene (1.0 x 10~°
M). Inset: changes of the molar absorption coefficient monitored at 750 nm. (b) Temperature-dependent CD spectra of dye 1 upon cooling from
343 K to 273 K in (S)-limonene (1.0 x 10> M) at 0.5 K min~™. (c) The plot of the molar fraction of aggregates in the cooling process monitored using
UV/Vis absorption (monitored at 595 nm) and CD spectra (monitored at 582 nm) versus temperatures at different cooling rates and fitted with the

nucleation—elongation model, respectively.

are listed in Table 1. Accordingly, obvious thermal hysteresis
of ca. 6 K was observed between the curves based on UV/Vis
spectroscopy with a fast (10 K min™") and slow cooling rate
(0.5 K min™"), reflecting the kinetic assembly process of dye 1
and the formation of the metastable Agg. I;. Moreover, the CD-
based cooling curve at 0.5 K min~" displayed a large thermal hys-
teresis of 13 K as compared with that based on UV/Vis spec-
troscopy. At T' = 312 K, @age = 0.02 was given by the CD-based
curve while an aggregate state with a,4, = 0.7 was indicated by the
curve based on UV/Vis spectroscopy. Such thermal hysteresis as
well as the thermodynamic parameters e.g. K, and N,, obtained by
CD and UV/Vis spectroscopy implied that several steps and inter-
mediate aggregate species could be involved in the assembly
process as observed for a H-bonded dimeric OPV system with
chiral side chains by Meijer and co-workers® where UV/Vis
absorption and CD spectroscopic data need to be considered in
combination to give a whole mechanistic picture for the tran-
sition from the monomer to chiral aggregates (vide infra).

In addition, the enthalpy and entropy contributions for the
aggregation of dye 1 in (S)- and (R)-limonene were evaluated
using the temperature-dependent spectroscopic data of
heating processes (Fig. S5T) according to the equation RT.In(1/
¢r) = AH® — T.AS°. From experiments at different total concen-
trations of dye 1 (5.0 x 107® M to 5.0 x 107> M), a van’t Hoff
plot of In(1/cy) versus T,”* showed a compliance with a linear
relationship (Fig. S67). The values of AH® and AS° for (S)-limo-
nene were calculated to be —176 + 3.2 k] mol™' and —352 +
2.7 ] mol™" K, respectively. In comparison with a AH® of
—154 k] mol™ and a AS° of —349 J mol™* K* in MCH," the

Table 1 Thermodynamic parameters based on the nucleation—elonga-
tion model for aza-BODIPY 1 in (S)-limonene (1.0 x 107> M) with a
cooling rate of 0.5 K min™*

Nucleation Elongation
Method K, Np (Te) asar  T/K AH./K] mol™ R?
UV/Vis 0.00463 5-6 1.021 323 +0.6 —-143+1.9 0.996
CD 0.00017 17-19 1.078 310+0.5 -149+2.4 0.999

This journal is © the Partner Organisations 2022

supramolecular aggregates formed of dye 1 in (S)-limonene
exhibited higher thermodynamic stability. On the other hand,
the thermodynamic parameters obtained in (R)-limonene
(Fig. S7 and Table S1}) were very close to those obtained in (S)-
limonene. Within the error of the experiments, the data for
these two solvents can be considered as identical.

The supramolecular chirality of dye 1 aggregates in limo-
nene was further investigated by morphological studies of the
nanoaggregates. For samples spin-cast from dye 1 solution in
(S)- and (R)-limonene, fibrous helical aggregates of aza-
BODIPY 1 were observed (Fig. 2a-d). These helical nanofibers

Length/nm

Fig. 2 (a) AFM height image of Agg. Il, by drop-casting the (S)-limo-
nene solution (1.0 x 10™> M) on mica. (b) Zoomed image of one left-
handed (M) nanofiber in the area marked by a blue square in (a). Inset:
cross-section analysis along the blue line. (c) AFM image of Agg. Il by
drop-casting the (R)-limonene solution (1.0 x 10~ M) on mica. (d)
Zoomed image of one right-handed (P) nanofiber in the area marked by
a blue square in (c). Inset: cross-section analysis along the blue line.

Org. Chem. Front., 2022, 9, 3949-3955 | 3951
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exhibited an average height of ca. 10 nm while their lengths were
0.5-3 pm. Such a helical morphology of dye 1 aggregates was
further confirmed by TEM measurements (Fig. S8t). In AFM
studies, both lefthanded (M) and right-handed (P) helices were
observed for the nanofibers of dye 1. For an AFM image on a
larger scale (Fig. S9at), 39 (64%) left-handed and 22 (36%) right-
handed helical aggregates were resolved, indicating the majority
of left-handed (M) helices in (S)-limonene. Likewise, the helical
fibers obtained in (R)-limonene exhibited a majority of 66% of
right-handed (P) nanofibers (Fig. S9bt). In addition, an IR spec-
troscopy study on Agg. I (Fig. S10%) indicated that the inter-
molecular hydrogen bonding interactions between the chromo-
phores played an important role in the aggregation process.
Based on all the results of the spectroscopic studies as well as
the morphological studies, a mechanistic model for the self-
assembly of dye 1 in chiral limonene was proposed (Fig. 3). Upon

nucleus

y H-type mr-stacks
: T.=323K T=315K
T=343K w = 08 gln
monomers
5 ca.
— 10 nm

twisted n—stacks
T,=310K

helical fibers
T=273K

Fig. 3 Schematic assembly mechanism for the formation of helical
fibrous aggregates Agg. Il of dye 1 upon slow cooling from 343 K to
273 K in the chiral limonene solvent.
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a slow decrease in temperature (e.g. 0.5 K min~"), the monomers
of dye 1 formed first short H-type, CD-inactive n-stacks through a
cooperative process with 7. = 323 K as indicated by UV/Vis spec-
troscopy. Upon further cooling, a subsequent chiral transition
may take place at 310 K under the induction of the chiral limo-
nene solvent as indicated by CD spectroscopy, leading to the for-
mation of small-sized twisted CD active z-stacks (chiral nuclei)
which finally grow into helical fibrous stacks of dye 1 with the
size in micrometers with supramolecular chirality. Accordingly,
the CD monitored process (from CD inactive H-type n-stacks to
CD active helical fibers) exhibited a much larger nucleus size N,
(see Table 1) and higher cooperativity (smaller K,) than the
assembly process monitored by UV/Vis spectroscopy.

Since Agg. I, is kinetically unstable in the chiral limonene
solvent, performing seeded living supramolecular polymeriz-
ation (LSP) directly in these solvents was impractical. However,
it has been well known that Agg. I; can be kinetically trapped
in MCH facilely by fast cooling and has been used for LSP in
MCH sucessfully.’® Thus, seeded supramolecular polymeriz-
ation using the seeds of Agg. II;, in limonene and Agg. Iy in
MCH was performed in the MCH/limonene solvent mixture
(Fig. S11}). As shown by the kinetic curves, the transformation
from Agg. I to Agg. II;, slows down gradually upon increasing
the content of MCH from 10% to 70% in the solvent mixture
while the ratio of [Seedagem)/[Agg. In] Was kept as 1, as evi-
denced by t5, increasing quickly from 3 min to 54 min. When
the content of MCH increased to 80%, no transformation was
observed in the experimental period. Encouraged by these
observations, multiple cyclic asymmetric LSP was carried out
using Agg. Iy in MCH and Agg. II;, in (S)-limonene (Fig. 4 and

2nd cycl 1eq. Agg.l,, 3" cycl 1eq. Agg.l, 4 cycl
in pure MCH in pure MCH in pure MCH in pure MCH
next cycles
& ‘ ' ' -----»
E3 n:; ‘ 1 eq. Agg. Il _in '. 1 eq. Agg. Il in 1eq. Agg. ll_in
}g—’,,p l MCHI/(S)- Ilmonene ‘ MCH/(S)-limonene MCHI/(S)- I|monene
1 eq. Agg. I, in 2 eq. Agg. Il in 2 eq. Agg. Il in 2 eq. Agg. Il in 2 eq. Agg. ll_in

93.75% MCH and
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Fig. 4 (a) Schematic presentation of the experimental operation of multiple cyclic LSP at 283 K. (b) Time-dependent spectral changes for the LSP

process in mixed MCH/limonene monitored by UV/Vis (black, 695 nm) and CD spectroscopy (red, 582 nm) ([SeedAgg. Il in (S)-limonene] =

[Agg. Im

in MCH] = 5.0 x 107® M). (c) Initial polymerization rates of (dAbsgss/dt) and (dCDsg,/dt) for each cycle and the fitting curves by equations y =
(0.54995 mdeg min)/2""* for the data obtained by UV/Vis and CD spectroscopy, respectively, where n is the cycle
number and the initial polymerization rates for the first cycles are 0.00518 min~* (UV/Vis absorption) and 0.55 mdeg min~* (CD).

(0.00518 min™Y)/2" Y and y =
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Fig. S121). The experimental operation was the same as that
applied for the LSP of 1 in MCH' except that the solvent for
seeds was (S)-limonene. The seeded supramolecular polymeriz-
ation was performed in multiple cycles and monitored by
time-dependent UV/Vis absorption as well as CD spectroscopy
(Fig. 4b). Based on these results, the initial polymerization rate
of the n™ cycle was evaluated with the equation ™ = 1! x
0.5"Y for both methods (Fig. 4c) and the data points were
found to be fitted well with the relationship, suggesting the
chain-growth mechanism of the seeded supramolecular
polymerization.

It is worth noting that with our method for LSP, the content
of (S)-limonene in the solvent mixture was reduced by half for
each cycle. Surprisingly, the transformation from Agg. Iy to
supramolecular chiral aggregates can proceed in the fifth
cycle, in which the content of the chiral solvent was about 3%.
Furthermore, we observed that even in the seventh cycle with a
chiral limonene content less than 1%, the transformation can
still proceed (data not shown). This result can be explained by
the chiral memory effect of the supramolecular chiral aggre-
gates of dye 1. Firstly, the molecular chirality of the limonene
was transferred to the seeds of dye 1 aggregates, which further
initiates the asymmetric supramolecular polymerization of dye
1. Upon continuous dilution of the chiral component in the
(S)-limonene/MCH solvent mixture, the supramolecular chiral-
ity of the aggregates was preserved since the process of trans-
formation of chiral aggregates to achiral species is controlled
by kinetics rather than thermodynamics.

After the multiple cyclic LSP process, when the chiral supra-
molecular aggregates were kept in solvents with a very low
content of (S)-limonene, a slow racemization of the aggregates
was observed. This phenomenon can be ascribed to the fact
that the aggregates of dye 1 tend to transform to a thermo-

16 -
14 - .
e | |
12 _>J
| |
) O
510- -
T 8
S ©
w 6
< O [ ]
41 [
241 m 283K g L] -
e 293K ° " a
O L] T !I T I-
0 5 10 15 20 25
Time / day

Fig. 5 Time-dependent CD spectra of Agg. Il_ in the MCH/limonene
mixed solvent with a volume ratio of limonene of ca. 1% (after seven
cycles LSP experiment, 5.0 x 107 M) at 283 K and 293 K (monitored at
582 nm).

This journal is © the Partner Organisations 2022
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dynamically more stable state. The racemization kinetics was
monitored by CD spectroscopy at both 293 K and 283 K
(Fig. 5). The half-decay time for the racemization process of
Agg. II;, in the mixed solvent of MCH/limonene with a ratio of
limonene of ca. 1% was about 11 days at 283 K, which was
almost 2 times longer than that at 293 K (6 days).

Conclusions

In the chiral solvents (S)- and (R)-limonene, the aza-BODIPY 1
can assemble into metastable aggregates (Agg. I, kinetically
trapping cannot be reached) as well as thermodynamically
stable one-dimensional H-type helical aggregates (Agg. II) by
cooperative n-m stacking and intermolecular hydrogen-
bonding interactions, as demonstrated by the UV/Vis absorp-
tion and CD spectroscopic results as well as the morphological
studies by AFM and TEM. By spectroscopic data analysis using
the nucleation-elongation model, thermodynamic parameters
including the critical elongation temperature and enthalpy
changes were obtained, which indicated the enthalpy-driven
assembly process of dye 1. The AFM and CD spectroscopic
studies showed that the handedness of the chiral supramole-
cular aggregates of 1 was found to be dependent on the chiral-
ity of the limonene solvents, i.e. enrichment of right-handed
(P) helicity was observed in (R)-limonene, while left-handed
(M) helicity was enriched in (S)limonene. In addition, a
mechanism for assembly of dye 1 from monomers to helical
fibrous aggregates was proposed. Furthermore, a novel LSP
strategy to obtain chiral supramolecular aggregates of achiral
dye 1 in a nearly achiral environment using the chiral seeds of
1 in limonene and the kinetically trapped aggregates of 1 in
MCH (Agg. In) was developed. With this LSP strategy, the
chiral Agg. II;, can be obtained at a very low volume ratio of
chiral limonene (less than 1%) in the MCH/limonene solvent
mixture, which can be well explained by the chiral memory
effect of Agg. II;, in the multiple polymerization cycles. In such
a nearly achiral environment, the chirality of aggregates can
last for quite a long period (about two weeks at 293 K) until
the racemization process of the chiral aggregates was com-
pleted. Considering the functionality of the NIR absorption
and emissive properties of aza-BODIPY dyes, the fibrous chiral
nanoaggregates of dye 1 may offer new prospects for appli-
cation in chiral sensing or chiroptical materials.
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