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Abstract: The interaction of a highly dynamic poly(aryl
acetylene) (poly-1) with Li*, Na* and Ag" leads to macro-
scopically chiral supramolecular nanospheres, nanotubes,
toroids, and gels. With Ag”, nanospheres with M helicity and
tunable sizes are generated, which complement those obtained
from the same polymer with divalent cations. With Li* or Na*,
poly-1 yields chiral nanotubes, gels, or toroids with encapsu-
lating properties and M helicity. Right-handed supramolecular
structures can be obtained by using the enantiomeric polymer.
The interaction of poly-1 with Na* produces nanostructures
whose helicity is highly dependent on the solvation state of the
cation. Therefore, structures with either of the two helicities can
be prepared from the same polymer by manipulation of the
cosolvent. Such chiral nanotubes, toroids, and gels have
previously not been obtained from helical polymer-metal
complexes. Chiral nanospheres made of poly(aryl acetylene)
that were previously assembled with metal(Il) species can now
be obtained with metal(l) species.

The introduction of chirality into nanostructures (nano-
spheres, nanofibers, nanotubes, etc.) has attracted great
interest during the last decade because it might lead to new
applications in fields such as chiral sensing, chiral separation,
and chiral nanoreactors.!! Different approaches have been
developed, and for example, chiral nanospheres and chiral
nanofibers have been prepared from metal-organic frame-
works (MOFs),?! from metal-peptide complexes,”! or by the
self-assembly of small molecules,! dendrimers,” and polymer
chains.®!

Recently, a new strategy to generate chiral nanostructures
from helical polymer-metal complexes (HPMCs) has been
presented,® leading to nanospheres with tunable chiral
content (i.e., helicity) and particle size. The polymer used to
generate these nanospheres was a poly(aryl acetylene)”!
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Scheme 1. a) Structures of the MPA monomer, poly-1, and poly-2.
b) Chiral amplification of poly-1 induced by mono- and divalent metal
ions.

(poly-1; Scheme 1a), having a polyene skeleton with high
cis content™ and (R)-o-methoxyphenylacetic acid (MPA)
units as the chiral pendants.

In solution (e.g., CHCl;, THF), this polymer is present in
a 1:1 equilibrium mixture of both helical senses (M and P
helicity; i.e., no circular dichroism (CD)).’! When monova-
lent metal cations are added, the equilibrium shifts to the left-
handed sense of helicity because the metal cations bind to the
carbonyl group, promoting an antiperiplanar conformation
(ap; dihedral angle of O=C—C—OMe ca. 180°), whereas with
divalent metal ions, the polymer adopts a right-handed helical
structure because the metal cations coordinate to both the
methoxy and carbonyl groups promoting a synperiplanar
conformation (sp; dihedral angle of O=C—C—OMe ca. 0°;
Scheme 1b).®) In both cases, a chiral amplification phenom-
enon is operative, and a minute amount of the metal ion is
enough to trigger the maximum helicity of the polymer.

Divalent cations (e.g., Ba?", Ca?", Ni**, and Co?") also act
as crosslinking agents.[) In THF, they induce the aggregation
of HPMC:s into nanospheres whose size and chirality (right-
handed helices for poly-1) depend on the polymer/metal ratio.
Unfortunately, aggregation could not be achieved with
monovalent metal ions in THF, and therefore, nanospheres
with the opposite helicity (left-handed) were not available
from poly-1.

We herein describe that the interaction of poly-1 with
Ag", Li* and Na* ions in CHCl; can produce chiral nano-
spheres, nanotubes, gels, and toroids that consist of either left-
or right-handed polymeric helices. For instance, we will show
that nanostructures with opposite helicities can be prepared
from a single polymer (poly-1) and Na* when the action of the
cation is modulated by the presence of certain cosolvents. We
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now describe the specific behavior of poly-1in the presence of
each of those monovalent metal cations.

The addition of silver perchlorate that had been dissolved
in THF (e.g., 10.0 mgmL™) to a chloroform solution of poly-
1 (e.g., 0.1 mgmL™") yielded well-defined, stable, and mono-
disperse nanospheres with a diameter of 94 nm [polydispers-
ity index (PDI)=0.197; polymer (mru)/metal ion mole ratio:
1.0:1.0, mru=monomer repeating unit] with left-handed
helicity as expected for the interaction of poly-1 with mono-
valent ions (Figure 1). Both their size and helical content
could be tuned by changing the polymer (mru)/metal ion ratio
(for details, see the Supporting Information).
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Figure 1. a) Schematic representation of the size and chirality control
of poly-1/Ag" HPMCs in CHCl;. b) CD spectra of poly-1/Ag* com-
plexes with different polymer/metal ratios (given as polymer (mru)/
metal ion). ¢) SEM images of HPMCs with poly-1 (mru)/Ag* mole
ratios of 1.0:0.3 (left, 59 nm, PDI=0.134, scale bar: 200 nm) and
1.0:1.0 (right, 106 nm, PDI=0.197, scale bar: 200 nm). d) Dynamic
light scattering (DLS) traces showing the size modulation of the poly-
1/Ag" nanospheres by changing the polymer (mru)/M" ratios. Black
trace: poly-1, Zave: 38 nm, PDI: 0.124; pink trace: poly-1/Ag*: 3.0:1.0,
Zave: 66 nm, PDI: 0.194; blue trace: poly-1/Ag*: 1.0:1.0, Zave:

106 nm, PDI: 0.197.

Therefore, the aggregation of HPMCs formed by poly-
1 and Ag" in CHC; produced chiral nanospheres that can be
compelled to grow or shrink, similar to those obtained with
divalent metal cations in THE! However, in poly-1/Ag*
nanospheres, the polymer adopts a left-handed helical
structure, whereas in the nanospheres made with divalent
ions (i.e., poly-1/M*"), the inverted macromolecular helicity is
observed (i.e., right-handed helicity; Scheme 2). A single
polymer (i.e., poly-1) thus produces nanospheres with oppo-
site helicities just by selecting an appropriate metal ion and
solvent.

The left-handed nanospheres from poly-1/Ag" present
virtually the same encapsulation properties as their right-
handed counterparts from poly-1/M*" (see the Supporting
Information).®
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Scheme 2. Chiral amplification of poly-1 induced by a) divalent metal
ions in THF and by b) monovalent metal ions in CHCl;. Cosolvents
given under the arrows are those employed to solubilize the metal
salts or poly-1 in subsequent additions.

Similar to the previous case, the addition of small amounts
of lithium perchlorate dissolved in THF, MeOH, or MeCN to
a chloroform solution of poly-1 [poly-1 (mru)/Li* mole ratio:
1.0: <1.0] produced aggregates in the form of unstable
polydisperse nanospheres with diameters that vary from 60
to 100 nm and the expected left-handed helicity (Figure 2; see
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Figure 2. a) Schematic representation of poly-1/Li* complex nanostruc-
tures in CHCl; (THF was used as the cosolvent to solubilize the
lithium salt). b) CD spectra of poly-1/Li* complexes with different
polymer/metal ratios. c) SEM images of polydisperse nanospheres
obtained from HPMCS with poly-1 (mru)/Li* mole ratios of 1.0:0.3
(left, scale bar: 300 nm) and 1.0:1.0 (right, scale bar: 200 nm).

also the Supporting Information).”) Although the helical
content of those nanospheres could be increased by the
addition of more lithium salt, their size is not tunable by
modification of the polymer/metal ratio (contrary to what was
observed with Ag").

These chiral nanospheres spontaneously collapsed during
drop-casting and/or solvent evaporation onto a silicon wafer
substrate (Figure 3), which generated 1D aggregates that
grow to form nanotubes consisting of left-handed helical
chains. SEM images of these nanotubes with a diameter close
to that of the starting nanospheres are shown in Figure 3.

www.angewandte.de


http://www.angewandte.de

Angewandte

13942

Zuschriften

a)
0,0 - ‘
D

60-100 nm 0 /A

Nanospheres (solution)
J Drop-casting

sqy

Cpolymer /1 cmetal

CD [mdeg]
8

—_1.0:1.0 +100 uL butanone [ 2
—1.0:3.0 + 100 ulL butanone
1.0:10.0 + 100 uL butanone

0
300 350 400 450
Wavelength [nm]

b) Fast evaporation of solvent (no control over nanotube formation)

Nanotubes (solid state)

c) Slow evaporation of solvent and cosolvent (control over nanotube formation)

Figure 3. a) Schematic representation of nanotube formation. Nano-
tubes of poly-1/Li* were obtained by b) fast or c) controlled evapora-
tion of the solvent. Scale bars: 10 um (b left), 2 um (b right, c), Tum
(c inset). Additional images are shown in Figure S40 in the Supporting
Information (encapsulation of iron oxide magnetic nanoparticles,
fluorescein, and quantum dots).

When solvent (i.e., CHCl;) evaporation from the sub-
strate was fast, the aggregation could not be controlled, and
the nanotubes formed with different sizes and shapes (Fig-
ure 3b). However, well-defined nanotubes with left-handed
chirality could be obtained when the process was slowed
down by incorporation of a higher-boiling-point cosolvent,
such as 2-butanone (Figure 3c).

It should be noted that these nanospheres and nanotubes
present a macroscopically chiral (helical) surface that is
defined by the left-handed interaction of poly-1 (containing
(R)-MPA as the pendants) with Li". To obtain the corre-
sponding “enantiomeric” right-handed nanospheres and
nanotubes, poly-2 (with the enantiomeric skeleton and (S)-
MPA as the pendants) should be used.

The aggregation process that leads to nanospheres and
nanotubes can be compelled to reach a gel structure when the
polymer/metal ratio and the polymer concentration are
increased above certain values, for example, for a poly-
1 (mru)/Li* mole ratio of 1.0:>1.0 and [poly-1]>
0.2 mgmL ™ (see the Supporting Information, Figure S36d).
The macroscopically enantiomeric gel (right-handed) is
obtained by using poly-2 instead of poly-1. Detailed informa-
tion on the encapsulation abilities of these nanostructures can
be found in the Supporting Information.

Finally, when the aggregation of the poly-1/Li* complex
was carried out in the presence of a solvent in which the
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polymer is poorly soluble, toroidal nanostructures were
formed,'”) probably as a result of the polymer surrounding
solvent droplets and keeping that form during evaporation
(Figure 4). Detailed information on the formation of these
toroids can be found in the Supporting Information.
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Figure 4. a) CD and UV spectra of poly-1 for different amounts of
LiClO, (THF) and 100 pL of dioxane. b) SEM images of toroidal
nanostructures formed from HPMCs with a poly-1 (mru)/Li* mole
ratio of 1.0:1.0 in CHCI; (1 mL) and dioxane (100 pL). Scale bar:
200 nm; [poly-1]=0.03 mgmL™".

Similar to Li*, the addition of small amounts of sodium
perchlorate to a solution of poly-1 produced poly-1/Na*
HPMC aggregates in the form of polydisperse nanospheres
(60-100 nm). Their size was not tunable by the polymer/metal
ratio, but interestingly, the helicity of the nanospheres could
now be controlled or even inverted by changing the solvent, in
particular by varying the amount and type of cosolvent that
was used to deliver the Na' salt (e.g., THF, MeOH, or
MeCN).

Thus, when the formation of nanospheres and nanotubes
was carried out by the addition of a solution of NaClO, in
MeOH to a solution of poly-1 in CHCI; (polymer (mru)/Na*/
MeOH mole ratio: 1.0:0.1:20.0), the expected “left-handed”
nanospheres and nanotubes were obtained (CD and SEM
images in Figure 5b). Nevertheless, when the amount of
methanol in which the sodium salt had been dissolved was
increased  (polymer (mru)/Na*/MeOH mole ratio:
1.0:0.1:140), the “enantiomeric” right-handed nanospheres
and nanotubes were formed (CD and SEM images in
Figure 5¢). The corresponding “enantiomeric” right-handed
gel was obtained as before when the concentration of the
polymer was increased (Figure 5).

In summary, macroscopically enantiomeric left- and right-
handed nanospheres, nanotubes, and gels can be obtained
from the same polymer (i.e., poly-1) by using an appropriate
amount of the right cosolvent to deliver the metal ion.

This phenomenon is not exclusively observed for the
formation of aggregates, but also for poly-1/Na* complexes
generated at low concentrations and in the presence of small
amounts of Na® ion, which present left-handed or right-
handed helicity depending on the amount of cosolvent.

More precisely, we have determined that the main factor
in the control of the helicity of poly-1 by Na* is the degree of
solvation of the Na* ion that is provided by the cosolvent.

Angew. Chem. 2014, 126, 1394013944
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Figure 5. a) Schematic representation of the control of the chirality of
the poly-1/Na™ HPMCs by the degree of solvation of the metal ion.
b) CD spectra and images of the chiral nanotubes, nanospheres, and
nanogels with encapsulation properties that consist of right-handed
helical structures, which were obtained owing to different degrees of
solvation of the Na* ion. Scale bars: 500 nm (top left), 300 nm (top
right and bottom left). Additional images in Figure S41 show CD
spectra and images of the chiral nanotubes, nanospheres, and nano-
gels with encapsulation properties that consist of the left-handed
helical structures.

Thus, when the metal ion was added to the polymer only
slightly solvated, that is, only small amounts of THF, MeOH,
or MeCN were used to dissolve the salt, it coordinated to the
carbonyl group of the MPA pendants (IR band at 1672 cm ™),
shifting the conformational equilibrium to ap and the polyene
skeleton to a left-handed helical structure."! On the contrary,
when the Na* ion was highly solvated, it chelated both the
carbonyl and methoxy groups of MPA (IR bands at 1670 and
1080 cm ™!, respectively), so that a sp conformation and
a polymer backbone with a right-handed helical structure
were preferred.’

In conclusion, poly-1 can produce macroscopically chiral
supramolecular nanospheres, nanotubes, toroids, and gels by
aggregation of the corresponding HPMCs with Ag*, Li*, and
Na'. With Ag*, poly-1 generated nanospheres with left-
handed helicity and tunable size. As poly-1 interacted with
divalent metal ions yielding tunable nanospheres with right-
handed helicity,” our finding enables the synthesis of nano-
spheres from a single helical polymer with encapsulation
abilities and both tunable size and chiral sense (right-handed
with divalent ions and left-handed with Ag").

The interaction of poly-1 with Li* or Na* generated chiral
polydisperse nanospheres that could be converted into chiral
nanotubes and gels (Li* or Na*) or toroids (Li*) with
encapsulation properties and left-handed helicity in a con-
trolled way. The corresponding right-handed superstructures
can be obtained using poly-2 as the starting polymer. More-
over, the interaction of poly-1 with Na* has been shown to
produce nanostructures whose helicity depends on the
solvated state of the metal ion. In this way, nanostructures
with either of the two helicities (left- or right-handed) could
be prepared from the same polymer by manipulating the
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amount of an appropriate cosolvent accompanying the metal
ion.
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