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Consecutive Complex Aggregation Pathway in Covalent
Helical Polymer-Metal Complexes: Nanospheres with

Controlled P/M Macroscopic Chirality

Juan José Tarrio, Borja Hermida, Rafael Rodriguez, Jeanne Crassous, Emilio Quifiod,

and Félix Freire*

Kinetically trapped and thermodynamic nanospheres with opposite
macroscopic P/M chirality and opposite circularly polarized luminescence
(CPL) can be obtained from a single helical polymer-metal complex under the
same environmental conditions. To prepare these nanospheres, a chiral
poly(diphenylacetylene) (PDPA) [poly-(L)-1] with a large energy barrier
between the P and M helical senses is chosen as source of chirality, while Ba?*
metal ions are selected as crosslinking agents. As a result, the poly-(L)-1/Ba**
complex can generate both kinetically trapped (Agg; M nanospheres) and
thermodynamic (Agg, P nanospheres) aggregates, which can be dispersed in
the same solvent. Due to the high energy barrier of the helix inversion process
for poly-(L)-1, the complete evolution from the kinetically trapped aggregate

1. Introduction

Macroscopically chiral aggregates such as
fibers, nanospheres, micelles, or similar
structures are usually obtained from the
self-assembly of small molecules, which
is driven by the presence of supramolec-
ular interactions such as Van der Waals
forces, dipole—dipole, hydrogen bonds
or zm-z interactions, among others.!-
To tune the macroscopic P/M chirality
of supramolecular aggregates it is usu-
ally necessary to change the aggregate
preparation protocol (solvent, temperature,

(Agg,, M nanospheres) to the thermodynamic one (Agg, P nanospheres)
takes more than 75 days at room temperature, which can be accelerated at
higher temperatures. These nanospheres are stable and remain dispersed in

solution for up to 8 months without further aggregation.
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additives), which alters the initial environ-
mental conditions and can also change the
morphology of the aggregate.['° In some
examples, opposite P and M chiralities
can be obtained under the same environ-
mental conditions when the aggregate
is formed via a consecutive supramolec-
ular  polymerization = mechanism.’-1]
In these cases, to keep the kinetic aggregate stable over time, it is
necessary to trap it kinetically by altering the aggregation condi-
tions (solvent, seeds).!14-22]

Dynamic helical polymers such as poly(phenylacetylene)s
(PPAs)2-7]  have also been used to create chi-
ral aggregates('*383°] by using metal ions as cross-
linking agentsi®*! or solvent-assisted methods such as
nanoprecipitation.**! In both cases, tuning the macroscopic
chirality of the polymer particle requires the addition of an
external stimulus, which changes the initial conditions under
which the chiral particles were prepared. Moreover, PPAs are
light-sensitive, undergoing a photochemical electrocyclization
reaction of the polyene backbone upon exposure to light, which
breaks down the material and limits its potential use.[*54¢]

In this work, we aim to overcome the stability problem associ-
ated with PPA/M"* complexes and introduce new features into
chiral nanospheres, such as the chiral memory effect or circularly
polarized luminescence (CPL) emission. For this purpose, chi-
ral poly(diphenylacetylene)s (PDPAs) were chosen as polymeric
platforms, which exhibit a kinetically controlled dynamic helical
behavior.*#8] In these polymers, the two P/M screw-senses of
the helix can be induced by playing with the conformational com-
position of the chiral pendant group at high temperatures.[*>>
Temperature provides the system with the energy required to

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. Chemical structure of poly-(L)-1 and helix induction toward the P and M helical sense after thermal annealing in non-donor and donor solvents
respectively. The dynamic memory effect produced after solvent removal and re-dissolution is also illustrated.

overcome the high energy barrier between the P/M helix orienta-
tions that is associated with steric effects in the PDPA backbone.
This fact allows to kinetically trap the excess screw-sense once the
external stimulus is removed.l*"!

Thus, we hypothesize that if the dynamic memory effect of
PDPA persists after complexation with metal ions, and if it is pos-
sible to control the aggregation of the resulting helical polymer-
metal complex (HPMC) by controlling the polymer/M"* ratio, it
will be possible to create a kinetically trapped aggregate (Agg,)
that evolves toward the thermodynamic one (Agg,), following a
consecutive mechanism through a gradual helical inversion of
PDPA within the aggregate.

2. Results and Discussion

To carry out these studies, an asymmetric PDPA bearing the 4-
benzamide of (L)-alanine methyl ester as a pendant group in
one of the aryl rings was chosen as a model compound [poly-
(L)-1].149°°1 This polymer can adopt either M or P screw-sense
excess in the polyene backbone (helix 1) after a thermal anneal-
ing (80 °C/24 h) in donor (dimethylformamide (DMF), dimethyl-
sulfoxide (DMSO), tetrahydrofurane (THF), dioxane, acetone)
and non-donor or very weak donor (1,2-dichloroethane (DCE),
chloroform (CHCl,), dichloromethane (CH,Cl,), and acetonitrile
(MeCN)) solvents, respectively (Figure 1). The different helical
sense adopted by poly-(L)-1 in donor (M helix) and non-donor
(P helix) solvents is attributed to a conformational change in
the pendant groups inferred from vibrational circular dichro-
ism (VCD) studies.***% Thus, while in donor solvents the two
carbonyl groups in the pendant (amide and ester) are oriented
synperiplanar (syn conformation), in non-donor solvents these
two carbonyls are positioned antiperiplanar (anti conformation)
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(Figure 1). As a result, chiroptical and CPL switches were ob-
tained based on the donor character of the solvent. Interestingly,
the helical sense adopted by poly-(L)-1 after thermal annealing
can be memorized, remaining unaltered after removal of the sol-
vent, and being redissolved again in a new solvent with opposite
donor character (Figure 1).

Hence, poly-(L)-1 (0.5 mg mL™!) was pre-annealed in 1,2-
dichloroethane (DCE) and tetrahydrofuran (THF) at 80 °C for
24 h to induce a Py, [DCE, pendant syn conformer, negative
ECD band at 393 nm corresponding to the orientation of the
PDPA backbone (ECD;q;< 0)] and an M, ;;, (THF, pendant anti
conformer, ECD;y;> 0) in the PDPA (Figure 2a). The solvent
was removed, and the helical sense was memorized in the solid
state. The pre-oriented P and M screw-sense helices of poly-(L)-1
were redissolved in a DCE/methanol (MeOH) (9/1 v/v) mixture,
yielding the two orientations of the helix (P,,,, and M, for
poly-(L)-1 in the same solvent (DCE) (Figure 2b,c). MeOH was
added to DCE as a cosolvent because it is necessary to deliver
the metal salt to form the HPMC. Interestingly, although the pre-
ferred screw-sense for poly-(L)-1 in DCE is the P helix (thermody-
namic helix), the memorized M helical structure (M,,,,, kinetic
helix) induced in THF can remain in the DCE/MeOH mixture
for more than 7 days (M,,,,), due to the high helix inversion
barrier of the PDPA backbone (see ECD studies in Figure 2b).
The complete helix inversion from the M, (kinetic) toward
the P helix (thermodynamic) for poly-(L)-1 takes more than
75 days.

Thus, we explore the ability of poly-(L)-1 to form nanospheres
in the presence of metal ions, and the possibility of gen-
erating the two macroscopic P (thermodynamic) and M (ki-
netic) nanosphere enantiomers under the same experimental
conditions.

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. a) Schematic illustration of the preparation of the pre-oriented Py,,,, and My, helical scaffolds of poly-(L)-1 and their dissolution in a
DCE/MeOH mixture. b) Time evolution of the ECD spectra upon addition of MeOH to the My,,,,, and Py,,.,, helical poly-(L)-1 DCE solutions monitored

by ECD. [poly-(L)-1] = 0.5 mg mL~! DCE; MeOH 100uL mL~' DCE.

Thus, perchlorate metal salts —LiClO, and Ba(ClO,),— dis-
solved in MeOH (10 mg/mL) were then added to vials containing
DCE solutions of poly-(L)-1 (0.5 mg mL~"' DCE) folded into either
a Py, Or an M,, . helix to generate a poly-(L)-1/M™" complex
at a monomer repeating unit (m.r.u.)/metal ratio of 1/2 mol/mol
(Figure 3a,c). Infrared spectroscopy (IR) Ele studies show coordi-
nation of metal ions with the carbonyl groups at the pendant to
form HPMCs (Figure S21, Supporting Information).

Dynamic light scattering (DLS) (Figure 3e) and surface elec-
tron microscopy (SEM) studies (Figure 3f,g) for the poly-(L)-
1 m.ru./Mn* (Mn* = Li*, Ba?*) complexes at a 1/2 mol/mol
ratio show the formation of spherical aggregates. Furthermore,
from these studies, it was found that poly-(L)-1/Li* complexes
produce polydisperse particles (Figure S16, Supporting Infor-
mation), while poly-(L)-1/Ba** complexes produced nanospheres
with a low polydispersity index (PDI) that remain unaltered over
time (up to 8 months) (see Figure 3e-g for poly-(L)-1/Ba** and
Figure S17 (Supporting Information) for poly-(L)-1/Li*). IR stud-
ies show that while Li* ions coordinate only the carbonyl of the
ester group, Ba* ions coordinate both the amide carbonyl and
the ester carbonyl separately (Figure S16, Supporting Informa-
tion).

So, while in poly-(L)-1/Li* complexes the metal ion is posi-
tioned toward the outer part of the helix, in the case of poly-(L)-
1/Ba?* complexes the metal ion is distributed between two differ-
ent positions in the PDPA helical scaffold (inner and outer part).
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As a result, the metal ion is more prone to aggregate in poly-
(L)-1/Li* complexes than in poly-(L)-1/Ba%* complexes, making
it difficult to control the polydispersity of the nanostructures.
Thus, to study macroscopic dynamic P/M chirality through ki-
netic and thermodynamic aggregate formation, we focused our
attention on poly-(L)-1/Ba?* complexes and their corresponding
aggregates.

Electronic circular dichroism (ECD) studies of poly-(L)-
1 m.r.u/Ba?* HPMCs at a 1/2 mol/mol ratio showed that dur-
ing the first few days (0 to 7 days), the pre-annealed P,,,,, and
M, om0 helical senses induced in poly-(L)-1 are retained after metal
ion complexation (Figure 3b,d). However, after 7 days, an evo-
lution of the ECD spectra was observed in HPMCs contain-
ing both the pre-annealed P,,,, and M,,,,, helices for poly-
(L)-1 (Figure 3b,d). Thus, vials containing poly-(L)-1 folded into
a Py, helix show an increase in the screw-sense excess —
ECD enhancement— due to a further stabilization of the anti-
conformation at the pendant group by metal ion complexation
(Figure 3d).

On the contrary, vials containing poly-(L)-1 folded into an
Moo helix (ECD;q5> 0) show a decrease in the M screw-sense
excess, which evolves toward a P helical structure (ECD5,;< 0).
This effect is a consequence of a slow helix inversion process
due to the stabilization of the anti-conformation in the pendant
by metal ion complexation (Figure 3c). These results are simi-
lar to those previously obtained for the evolution of poly-(L)-1

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. a) Schematic illustration for the preparation of kinetically trapped M chiral nanospheres (Agg,). b) Time evolution of the pre-annealed M,,,,,,,
helix (kinetic helix) toward the P helix (thermodynamic helix) upon the addition 2.0 equiv of Ba(ClO,),. c) Schematic illustration for the preparation
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ence of metal ions (Figure 2).

To determine whether metal ion coordination affects the kinet-
ics of the helix inversion process for poly-(L)-1, time-dependent
ECD studies were performed at different temperatures for a DCE

Small 2025, 21, 2409379
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solution of poly-(L)-1 (Myemo) (0.5 mg mL~' DCE) treated with
MeOH (100 uL of MeOH mL~! DCE) and for a DCE/MeOH so-
lution of poly-(L)-1 m.r.u. (Myem,)/Ba** (1/2 mol/mol) —poly-
(L)1 (0.5 mg mL~! DCE); [Ba(ClO,),] = 10 mg mL~! MeOH—
(Figure 2b,c and Supporting Information). These studies reveal

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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b) kinetically trapped [(Myemo)-Agg1] and e) thermodynamic [(Py,m,)-Agg,] aggregates as prepared and after 75 days. SEM studies of (P)-Agg, from
dispersions of c) kinetically trapped and f) thermodynamic aggregates allowed to evolve over time for 8 months.

similar kinetics for the M,,,,,, to P helix inversion process in a
DCE solution of poly-(L)-1 in the absence or presence of MeOH
— activation energy (E,) poly-(L)-1 = 18.3 Kcal mol ™', E, poly-(L)-
1 (MeOH) = 16.0 Kcal mol™?) (see Figures S13-S17, Supporting
Information). However, an increase in the E, of the M,,,,, to P
helix inversion process is observed in the poly-(L)-1/Ba?* com-
plex (E, poly-(L)-1/Ba?* = 30.1 Kcal mol~, Figures S16 and S17,
Supporting Information). This fact indicates that the M,,,,,, to
P helix inversion is occurring within the nanosphere, where the
confinement and cross-linking ability of the metal ions explains
the higher E, of the helix inversion process in the presence of
metal ions.

Time-dependent ECD, DLS and SEM studies show that while
P aggregates of poly-(L)-1/Ba*" (Aggl, ECD;q;< 0) remain sta-
ble in DCE for more than 8 months (Figure 3c,d), M aggre-
gates (ECD,q,> 0) do not. In this case, a consecutive aggrega-
tion pathway is observed,>'=3 where a P aggregate (Agg,) trans-
forms into an M aggregate (Agg2) over time as monitored by
ECD (Figure 3a,b,e-g). From VT-ECD studies and DLS experi-
ments, we could observe that the nanospheres remain stable up
to 343 K while the helix inversion accelerates (Figure S23, Sup-
porting Information). Above this temperature, the nanospheres
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are not stable and precipitate due to the formation of large
aggregates.

From the literature, it is known that PDPAs result in CPL-
active materials once a screw-sense excess is induced in the
polymer.5#%%) The sign of the CPL signal coincides with that
of the high-energy band in the ECD spectra, which is asso-
ciated with the helical sense of the polymer. Therefore, when
ECD,y; is negative (P helix), CPL should be negative and when
the ECDsy; is positive (M helix), CPL should be positive. Conse-
quently, CPL studies were carried out for Aggl [M nanospheres,
ECD,y;> 0] and Agg, [P nanospheres, ECD,;y;< 0] of the poly-(L)-
1/Ba’* complex (Figure 4). As expected, a positive CPL signal was
obtained for Agg, (Figure 4b), while Agg, produced a negative
one (Figure 4g).

The CPL emission was gauged by the dissymmetric factor de-
fined as |gy,| = 2(I; — Iz)/(I. + Iy), where I, and I are the left-
and right-handed luminescent emissions respectively. In both
cases, a maximum g, value of ca. +1.1 x 10~ was obtained
at 520 nm, with quantum vyield values of ¢ = 26 and of ¢ =
44 for the Agg, and Agg, solutions respectively. Interestingly,
when the macroscopic chirality of the kinetic trap (Agg,, M,,

emo)

evolves with time toward the enantiomeric form (thermodynamic

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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aggregate, Agg,, P,,;.), an opposite CPL emission is obtained.
Thus, starting from a single HPMC, nanospheres with opposite
CPL emission can be obtained by controlling the kinetics associ-
ated with the helix inversion effect of the polymer chain.

3. Conclusion

In conclusion, we have demonstrated that nanospheres with op-
posite macroscopic P or M axial chirality can be obtained from
a PDPA/Ba(ClO,), system, following consecutive aggregation
pathways. This fact is possible due to the high energy barrier of
the helix inversion process intrinsic to the PDPA scaffold. Thus, a
kinetic aggregate (Agg;) can be trapped for days or even months
at low temperatures and can evolve to a thermodynamic aggre-
gate (Agg,) through a consecutive aggregation mechanism. In-
terestingly, other properties associated with the chiral content of
the aggregate, such as CPL, change once the PDPA helix is in-
verted within the aggregate.

The generation of these smart chiral polymeric particles,
whose macroscopic chirality can be memorized or gradually
evolved toward the opposite screw-sense, opens the door to the
creation of supramolecular assemblies with controlled and tun-
able chiral cores and surfaces with potential applications in
molecular recognition, information encryption or asymmetric
synthesis, among others.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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