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The great importance of the secondary structure
(compressed/stretched) of helical poly(phenylacetylene)s (PPAs)
in the formation of nanostructures (nanospheres, nanotoroids) by
complexation with metal ions of diverse valence is demonstrated.
PPAs bearing the same chelating units [anilide of (R)-
methoxyphenylacetic acid] but displaying different helical
scaffolds show great differences in their nanostructuration due to
the different secondary structure of their helices despite they
complex mono- and divalent metal ions in analogous ways. This
key 3-D structural feature has not been taken into account
previously when studying the nanostructuration of helical
polymer-metal complexes (HPMCs).

Introduction

The study of chirality at the nanoscale level has drawn the
attention of many research groups because of the potential of
the chiral materials that can be developed.1 Chiral
nanostructures (fibres, nanospheres, nanotubes) have been
prepared from different types of building blocks that go from
small molecules with self-assembly properties,2 to dendrimers®
and polymers.4 Moreover, metal ions have been used as
crosslinking agents to generate nanostructures, the shape and
properties of which can be adjusted by changing the metal ion
involved in the stabilization of the nanomaterial. Following this
line of research, metal-organic frameworks (MOFs),5 metal-
peptide complexes6 and polymer-metal complexes have been
used to prepare these nanomaterials.
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In our group, we have explored the use of helical polymer-
metal complexes (HPMCs) derived from
poly(phenylacetylene)s (PPAs) to prepare
nanostructures’ with tuneable helical sense by resorting to
appropriate metal ions. For instance, a PPA [i.e., p-poly-(R)-1]
bearing the anilide of (R)-a-methoxy-a-phenylacetic acid”®* —
in the dual role of pendant and coordinating moiety—, can be
made to adopt either the M or the P helical sense by
complexation with monovalent’ or divalent metal ions’
respectively. Moreover, these helically oriented HPMCs may
be forced to aggregate spontaneously by adjusting the
polymer/metal/cosolvent  ratio, which  activates the
crosslinking ability of the metal ion that produces both the
corresponding M or P helicities and the macroscopically chiral
nanospheres. Interestingly, we found that while the helical
sense induction ability of the metal ions was a general feature
for a large series of mono and divalent ions, their aggregation
capability was more limited. It works perfectly well with all the
divalent metal ions tested (i.e., Ca**, Ba*", Mn*', zn*, Co®,
Ni**, Mg, Fe®", cu™), generating P nanospheres with tuneable
size, good stability and low |:>olydispersion.7C On the contrary,
only Ag” is able to trigger the aggregation process and produce
M nanospheres7b among different monovalent metal ions
tested. For instance, ions such as Li* and Na® induce the
expected single-handed M helix without controlling the
aggregation process.7b Thus, although both mono and divalent
metal ions produce complexes (HPMCs) with precise structure
and helical sense, their nanostructuration to form helical
nanoparticles is apparently determined just by the type of
metal ion. To sum up, aggregation is limited to divalent ions,
being Ag’ the exception in the family of monovalent ions,
probably due to its ionic size and coordination ability.

It is known that, in MOFS, the organic building block plays an
important role in their structure, being important to place the
coordinating groups far away from each other in order to
promote the growing of the framework.
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In a similar approach we decided to study the role of the
helical  structure adopted by the HPMC in its
nanostructuration. Thus, herein we will show that the different
aggregation ability of the HPMCs is governed not only by the
different chelation mode of mono and divalent ions, but also
by the secondary structure of the HPMC chain —more or less
compressed/extended helix— that plays a crucial role in the
success of the aggregation.

Aggregation is an intermolecular process, and we reasoned
that the location of the metal ion in the HPMC —more or less
exposed to interlock different polymer chains— might be
essential to explain those differences. Then, the location of the
metal ion into the HPMCs should depend mainly on two
factors: i) the coordination mode of the metal ion towards the
pendant group and ii) the elongation degree of the helical
scaffold (Scheme 1).
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Schemel. Schematic representation of: (a) a PPA with different coordination
modes towards mono- and divalent metal ions, and (b) two PPAs with different
helical structure (cis-cisoidal, compressed and cis-transoidal, stretched).

p-poly-(R)-1/M"™ complexes with mono- and divalent metal
ions show clear structural differences, based on the different
coordination modes of those ions towards a cis-cisoidal helix
(Scheme 1a). Thus, in the HPMCs of divalent ions, the metal
chelates the carbonyl and methoxy group and fixes a
synperiplanar (sp) conformation at the pendant moiety
(Scheme 1a, Figure 1b).8 In this kind of HPMC, the metal is
placed far away from the backbone. This fact facilitates its role
as crosslinking agent and the formation of stable nanospheres,
because it is independent of the “crowded” surroundings of
the cis-cisoidal helix (Figure 1b).

On the contrary, in the HPMCs of monovalent metal ions, the
metal coordinates the amide group and establishes a cation-xt
interaction with the aryl ring of the pendant group, which fixes
the antiperiplanar (ap) conformation (Scheme 1a, Figure 1c). In
this conformer, the metal ion is placed close to the backbone,
being less exposed to the external part of the helix than in the
case of HPMCs of divalent metal ions (Figure 1c). This location
of the ion works against its crosslinking ability, and therefore
the aggregation is limited, being not possible to control the
formation of p-poly-(R)-1 nanospheres with monovalent metal
. 7c

ions.
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Figure 1. a) Top view of the cis-cisoidal structure for p-poly-(R)-1 and its
schematic representation. b) Structure of the p-poly-(R)-1/M"" complex and
conceptual representation showing its crosslinking abiYity. c) Structure of the p-
poly-(R)-1/M" complex and conceptual representation showing a disfavoured
aggregation process.

As a result, the crosslinking ability of HMPCs possessing cis-
cisoidal helices is exclusively determined by the structure of
the complexes formed at the pendants, where the location of
the metal ion is essential to form
nanospheres.

In order to demonstrate this hypothesis, we decided to study

low polydisperse

these two factors —coordination mode and helical scaffold—
in deep. Thus, we carried out a comparison of the HPMC
structure and the aggregation behaviour of two PPAs that bear
the same chelating unit —i.e., the anilide of (R)-a-methoxy-c.-
phenylacetic acid— linked to the polymeric backbone through
the para [i.e., p-poly-(R)-1] and meta [i.e., m-poly-(R)-1]
positions respectively. Both polymers show different helical
scaffold®’ (Scheme 2a): p-poly-(R)-1, adopts a compressed cis-
cisoidal helix (3 residues per turn, Scheme 2b),% while m-poly-
(R)-1 exists as an equilibrium between cis-cisoidal (3 residues
per turn, Scheme 2b) and cis-transoidal (more stretched, 2
residues per turn, Scheme 2c) helices (Figure 2a).9
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Scheme 2. a) Chemical structures of p-poly-(R)-MPA and m-poly-(R)-MPA. b) Cis-
cisoidal (3 residues per turn) and (c) cis-transoidal (2 residues per turn) helical
structures adopted by poly-m-(R)-1.

Hence, to determine de importance of the helical scaffold in
the formation of low polydisperse nanospheres, we performed
a titration of the meta- polymer —m-poly-(R)-1, 0.3 mg/mL in
chloroform— with different amounts of LiClO; (10 mg/mL in
THF). The amplification of the left-handed helix was observed
(Figure 2c) by formation of a HPMC with a coordinated
structure similar to the one described before for the p-poly-
(R)-1/Li* complex: coordination of Li* to both amide and
phenyl groups of the MPA moiety (the latter coordination by
cation-it interaction), which fix the ap conformation at the
pendant (Figure 2b).10b

Moreover, during these studies a red shift was observed on
the UV spectrum of the polyene backbone indicating that the
equilibrium between the two helices adopted by m-poly-(R)-1
(cis-cisoidal/cis-transoidal, Figure 2a) is being shifted towards
the stretched one (i.e., cis-transoidal helix) upon complexation
with monovalent metal ions (Figure 2b—d).12 Similar results
were obtained for other m-poly-(R)-1/M" complexes (M*= Na*
and Ag"; see ESI).

This structural change in m-poly-(R)-1 (the increase of the cis-
transoidal population) is the best scenario to study the
aggregation of the m-poly-(R)-1/Li" complex, assuming that the
helical structure of the polymer plays an important role in the
nanosphere formation from HPMCs. As we mention before, in
this cis-transoidal structure the metal ion is placed in an outer
part of the helix and is more prone to act as crosslinking agent
(Figure 3).
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Figure 2 Schematic representation of the equilibrium between a compressed cis-
cisoidal and a stretched cis-transoidal helical structure adopted by m-poly-(R)-1
(a) before and (b) after the addition of LiClO,. c) CD and (d) UV spectra showing
an increase in the population of the cis-transoidal helix once LiClO, is added to
m-poly-(R)-1 solution. [m-poly-(R)-1]=0.3 mg/mL CHCl;; [LiCIO4)= 10 mg/mL THF.

Interestingly, and in accordance with our hypothesis, the m-
poly-(R)-1/Li* complex suffered spontaneous aggregation
forming left-handed nanospheres (Figure 4).
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Figure 3 a) Top view of the cis-transoidal structure for m-poly-(R)-1 and its
schematic representation. B) Structure of the m-poly-(R)-1/M”~" complex and
scheme showing its potential crosslinking ability.
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Thus, a m-poly-(R)-1/Li* complex solution at

mol(mru)/mol ratio, showed by DLS stable and
polydisperse nanospheres (46 nm diameter, PDI= 0.105; Figure
4) with M chirality (CD negative at the vinylic region) and with
tuneable size by changing the polymer/metal ratio (Figure 4a).
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Electron microscopy studies (SEM) corroborated these results
showing the presence of nanospheres in the solid state
(Figures 4b-c). Analogous studies with Na* and Ag® showed
also the formation of chiral nanospheres, confirming that to
control the aggregation of the HPMCs with monovalent ions,
the presence of a stretched helical structure is required (see
ESI).
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Figure 4. a) Schematic illustration of the aggregation process of m-poly-(R)-1
with monovalent metal ions to generate chiral nanospheres b) DLS studies of a
m-poly-(R)-1/M" complex (M= Li", Na" and Ag’). SEM studies of c) m-poly-(R)-
1/Li*, d) m-poly-(R)-1/Na” and d) m-poly-(R)-1/Ag" in a 1/0.5 mol/mol ratio, [m-
poly-(R)-1]= 0.3 mg/mL CHCl3; [LiClO,]= 10 mg/mL MeOH.

In order to further confirm the original hypothesis, the
aggregation studies were also performed using divalent metal
ions such as Ca”* or Ba>". First, we checked the coordination of
the metal to the polymer and the presence/absence of helical
induction or helical inversion. The results obtained showed
that the divalent metal ions coordinate only to the carbonyl
group (as inferred from IR experiments, see ESI), without
inducing any helical change on the PPA (Figure 5). DLS
experiments of m-poly-(R)-1/Ba®" complex solution at 1/0.5
mol/mol ratio showed the formation of stable and
polydisperse nanospheres (46 nm diameter, PDI= 0.056; Figure
5c). Moreover, during the drop-casting and drying process, the
aggregation generated toroidal nanostructures with M chirality
(negative CD at the vinylic region; Figure 5d and ESI). See also
ESI for HPMC (M= Ca®") studies.
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Figure 5. a) Schematic illustration of the aggregation process of m-poly-(R)-1
with divalent metal ions to generate chiral nanospheres b) DLS studies of a m-
poly-(R)-1/M** complexes (M*'= Ba”* and Ca”"). c) AFM studies of m-poly-(R)-
1/Ba” complex. d) SEM studies of m—poly-(R)—l/Ba2+ complex. e) AFM studies of
m—poly—(R)-l/Ba2+ complex showing toroidal structures. f) Magnification of the
highlighted area in the previous image. g) 3D-projection of image f).

Conclusions

In summary, we have demonstrated that the aggregation of
HPMC s is determined by both coordination mode of the metal
ion to the pendant group and elongation of the polyene
skeleton. Thus, while divalent metal ions chelate the p-poly-
(R)-1 in such a way that the metal ion is exposed and prone to
act as crosslinking agent, in the case of p-poly-(R)-1/M"
complexes the metal ion is placed in an inner part of the helix
and close to the polyene backbone. This structural situation
disrupts the crosslinking ability of the monovalent metal ion.

In addition, if the elongation of the polyene backbone is
modified, the crosslinking ability of the monovalent metal ions
can be reactivated. Thus, in a more extended helical structure
—m-poly-(R)-1— that bears the same MPA pendant moiety as
p-poly-(R)-1, monovalent metal ions such as Li*, Na* and Ag"
can act as crosslinking agents, producing low polydisperse
nanospheres by chelating the same functional groups at the
pendant than in the case of p-poly-(R)-1/M*. Moreover, the
divalent ions —e.g., Ca®* or Ba>*— show a similar coordination
mode to the carbonyl group as in the case of monovalent ions,
forming nanospheres with controlled and
polydispersity. Furthermore, these nanospheres can collapse
during the drop-casting and drying process, generating chiral
toroids. In the case of m-poly-(R)-1, the metal ion (M or M%)
is always placed in the external part of the helix.

These results indicate that both chelation and secondary
structure play a key role in the aggregation process of HPMCs
and hence the two factors must be taken into account when
designing new HPMC nanostructures.

size low
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Only p-poly-(R)-1/Ag", from all the different HPMCs of
monovalent metal ions tested, produces stable and low
polydisperse nanospheres. This fact that can be explained
due to the different size and coordination ability of Ag".
VT-CD measurements of the m-poly-(R)-1/Li"* complex
indicate a higher population of the stretched helix when the
temperature increases (See ESI).
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