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ABSTRACT: The remarkable consequences in elongation,
dynamic character, response to external stimuli (e.g, solvent
effects, metal cations), and aggregation observed in helical
poly(phenylacetylene)s (PPAs) when either the type of linkage
with the pendant groups (i.e., anilide, benzamide) or the aromatic
substitution pattern (i.e., ortho, meta, para) of the parent
phenylacetylene monomer undergo modification are analyzed in
depth. Two series of PPAs substituted at the phenyl ring in ortho,
meta, and para with either (S)-a-methoxy-a-phenylacetic acid
(MPA) or (S)-phenylglycine methyl ester (PGME) linked through
anilide or benzamide bonds were prepared (ie., o-, m-, p-poly-1
and poly-2 series) and characterized both in solution and in the
solid state (CD, UV—vis, Raman, NMR, DSC, TGA, X-ray, AFM,
SEM). Para-substituted polymers (p-poly-1 and p-poly-2) present

the most compressed and dynamic helices, which respond easily to external stimuli. Meta-substituted PPAs (m-poly-1 and m-
poly-2) exist as a mixture in equilibrium of two different helices (compressed and stretched), both less dynamic than the para
counterparts and with a weak response to external stimuli. Moreover, in the solid state, m-poly-1 and m-poly-2 show separate
fields for the compressed and for the stretched helices. For its part, the ortho-substituted PPA (o-poly-1) presents a highly
stretched, almost planar and practically rigid helical structure, inert to external stimuli and prone to aggregate. These structural
changes (elongation/dynamic behavior) are rationalized on the basis of the increasing difficulties imposed by the meta- and ortho-
substitution on the accommodation of the pendants within the helical structure.

B INTRODUCTION

Biopolymers such as peptides, polysaccharides, or DNA adopt
helical structures, which are directly related to their function.
This structural motif is responsible for the location of residues
and functional groups at specific distances and orientations
related to the sense and elongation of the helix. This spatial
distribution determined by the helix is the critical factor in
several important phenomena such as molecular recognition
and catalysis, among others.

Based on this structure/function relationship, many synthetic
polymers with helical structure [e.g, poly(phenylacetylene)s,
poly(isocyanate)s, poly(isocyanide)s, poly(silane)s, poly-
(methyl methacrylate)s, etc.] have been developed and studied
during the last decades." In fact, the great majority of the more
than five thousand papers published on this topic since 2000
have been centered on the discovery of new functional
materials useful as sensors, as chiral recognition agents, as
chiral chromatographic supports, as conductive devices, and so.

Interestingly, only in a few cases, the secondary helical
structure of those polymers has been fully determined, and
their helical sense, helical pitch, and packing angle known.

Poly(phenylacetylene)s'” (PPAs) are a family of dynamic
helical polymers1 where the helical sense,® helical scaffold,* or
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both at the same time” can be tuned by the action of external
stimuli. This property makes these materials very interesting for
sensing,6 chiral separations,” or asymmetric synthesis®
renders specially important to have a perfect knowledge of the
structural parameters related to those functions.

Dynamic PPAs, i.e, PPAs devoid of chiral centers, exist in
solution usually as mixtures in equilibrium of helices with
opposite senses, that can shift to a preponderant helicity by the
action of external stimuli.'

The conversion of those dynamic PPAs into nanostructured
materials is essential for the development of stimuli responsive
materials, and different approaches for the preparation of
macroscopically helical nanoparticles, gels, 2D crystals, etc.,
have been described."”

From the stereochemical point of view, the transference of
the mixed helices present in solution to the solid state is a
particularly important process. So, assemblies made by either
fields of mixed helical senses or separate domains for P and M
helices can be obtained, leading to macroscopically racemic or
chiral supramolecular entities, respectively.”'’

and
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However, no exhaustive studies devoted to the role played by
structural aspects such as the type of connectivity between the
phenyl group and the molecular entities attached as pendants,
that can affect the intramolecular hydrogen-bonding scaffold or
the geometry of the substitution pattern at the phenyl group, in
the case of disubstituted phenyls, are found in the literature of
PPAs.

Most of the PPAs reported in literature are derived from
para-substituted phenylacetylenes; and just very few have been
reported with the pendants linked to the meta'" and ortho'>
positions.

This distinction is important, not just because the steric
interactions in ortho and meta-substituted monomers might
prevent their polymerization, but more interesting because
different substitution patterns (ortho, meta, or para) should lead
to PPAs presenting different interactions among pendants that,
in turn, would require also different helical adaptations in order
to be stable.

This means that PPAs with the same pendant located in
ortho, meta, or para might present helical skeletons with
different dynamics, helical sense, elongation, conjugation and
responses to external stimuli.

In para-substituted PPAs, it is known that the modification of
the conformational composition of the pendants induces
changes in the inter-'> intrapendant interactions.'* Therefore,
a good knowledge of how the distinct connectivities and
substitution patterns affect the pendant conformation could
provide a way to correlate the pendant substitution with the
resulting helical structure.

Here we describe how the type of linkage and substitution
pattern in the monomer affects the helical skeleton of the
polymer and how those changes can be used to tune the
dynamic/static character of the helical scaffold as well as its
degree of compression/stretching. These structural effects are
observable either in solution or in the solid state and have a
dramatic repercussion in the formation of 2D monolayers, in
the response to stimuli (e.g, temperature, solvent effects,
coordination with metal cations) and in the formation of
supramolecular assemblies. All this information can be of
utmost importance in future designs of helical PPAs.

To perform these studies, we carried out a comparison of the
structure, in solution and solid state, of two series of PPAs: one
bearing (S)-a-methoxy-a-phenylacetic acid [ie, (S)-MPA;
monomer M-1] and the other (S)-phenylglycine methyl ester
[i.e, (S)-PGME; monomer M-2] as pendant groups, linked to
the 0-, m-, and p-positions through an anilide and a benzamide
bond, respectively (Figure 1). These molecules were the
pendants of choice due to their similar structures (i.e., they bear
their chiral centers at the same bond distance and both have Ph
and OMe substituents) and to their well-established conforma-
tional behaviors in solution. Furthermore, anilide and
benzamide linkages—both involved in the intramolecular
hydrogen-bonding framework—are the bonding types more
used to connect side chains to the phenyl groups in PPAs.

Finally, another strong reason to choose these chiral
pendants lies in the fact that the helical structures of their
para-substituted PPAs (p-poly-1 and p-poly-2, Figure 2) are
sufficiently diverse in their dynamic character, sense preference,
and compressed/stretched backbone, that they give a good
starting point for comparison with their meta and ortho
analogues.
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Figure 1. Schematic illustration of PPAs bearing the pendant groups
attached through (a) anilide connections (monomers prepared from
ethynylanilines and carboxylic acids) and (b) benzamide connections
(monomers prepared from ethynylbenzoic acids and amines).
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Figure 2. (a) Structures of p-M-1, m-M-1, 0-M-1, p-M-2, m-M-2, and
0-M-2. (b) Structures of p-poly-1, m-poly-1, o-poly-1, p-poly-2, m-
poly-2, and o-poly-2.

B RESULTS AND DISCUSSION

The para-, meta-, and ortho-ethynylanilides of (S)-a-methoxy-a-
phenylacetic acid (ie., p-M-1, m-M-1, 0-M-1) and ethynylben-
zamides of (S)-phenylglycine methyl ester (ie., p-M-2, m-M-2,
0-M-2) were synthesized (Figure 2a) and submitted to
polymerization with [{Rh(nbd)Cl},] (nbd = 2,5-norborna-
diene) as catalyst affording PPAs p- pol?r 1, m-poly-1, o-poly-1,
p-poly-2, and m-poly-2 (Figure 2b).” All the synthesized
polymers showed "H NMR (5.6—5.8 ppm) and Raman signals
indicative of a cis polyene backbone (see SI).'® Unfortunately,

0-poly-2 could not be obtained in spite of our efforts with
different experimental conditions and catalysts. The structure of
0-M-2, that shows a high degree of steric hindrance, impedes
the polymerization (see below).
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The Structure of para-Substituted Poly(phenylacetyl-
ene)s. Previous studies have shown that p-poly-1 presents a
dynamic helical structure in solution, with left- and right-
handed helices in equal populations (e.g., null CD at 375 nm in
CHCI,, Figure 3a),'” while p-poly-2 adopts a single-handed
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Figure 3. (a) Pendant conformations of p-poly-1 and CD spectra in
CHCI,. (b) AFM images of right- and left-handed monolayers of p-
poly-1. (c) 3D models of the structure of right- and left-handed helices
of p-poly-1 and helicities of the external and internal helices (defined
by the pendants and the polyene backbone, respectively). (d) Pendant
conformations of p-poly-2, helicities of the external and internal
helices, CD spectra in CHCl;, and 3D model of the structure of the
right-handed helix of p-poly-2. (e) AFM image of the right-handed
monolayer of p-poly-2. (f) X-ray structure of monomer p-M-1. (g) X-
ray structure of monomer p-M-2. For better understanding of the
drawings and the identification of the functional groups involved in the
helices, the phenyl rings of the pendants are represented as space-
filling models.

helical structure (e.g, negative CD at 375 nm in CHCly)
(Figure 3d)."®
conformations of both pendants. The MPA moiety found in p-

These differences are related to the diverse

poly-1 exists in CHCl; as a 1:1 equilibrium between two
conformers (sp, synperiplanar oriented carbonyl and methoxy
groups; and ap, antiperiplanar oriented carbonyl and methoxy
groups) that places the bulkiest group in orientations that favor

a specific helical sense for each conformer (Figure 3a—c)."”
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For its part, the PGME group in p-poly-2 exists in solution as
a single preferred conformation that induces a predominant
helical sense depending on the characteristics of the solvent
(Figure 3d,e). For instance, in CHCI, the main conformation is
ap (antiperiplanar oriented carbonyl groups; left-handed helix),
while in DMSO, it is sp (synperiplanar oriented carbonyl
groups; right-handed helix).""

In the solid state, p-poly-1 generates AFM images indicating
that the polymer adopts left- and right-handed compressed
helices with a cis—cisoidal backbone (60°), three residues per
turn and a helical pitch of 3.2 nm (Figure 3¢).'% Those helices
are found in independent fields formed by enantiomeric
domains of P and M helical chains. For its part, p-poly-2
presents, after AFM analysis, a preferred and stretched single
cis—transoidal backbone (—158°), two residues per turn and a
helical pitch of 3.8 nm (Figure 3d).""

When talking about the architecture of these polymers, it is
interesting to point out a very important structural feature that
is intrinsic to all helical PPAs and that usually is not sufficiently
considered. Every PPA chain is always constituted by two
“coaxial helices”: external (defined by the pendants, detected by
AFM) and internal (defined by the polyene backbone, detected
by CD), and their respective helical senses can be coincident or
not.

In the case of p-poly-1, the helicities of the external and
internal helices of both “chains” are coincident [i.e., M(e)/M(i)
and P(e)/P(i), Figure 3c], while in p-poly-2, they are opposite
[i.e, P(e)/M(i), Figure 3d]. This is a general trend found in the
helical PPAs we have studied due to the angles of their polyene
backbone: 3/1 helices present the same helical sense in external
and internal helices, while 2/1 helices present opposite senses.

In summary, PPAs substituted in the para position with
chiral pendants and linked through either anilide or benzamide
bonds afford 3/1 or 2/1 contracted helices, respectively, where
the external or internal helices can show either the same (3/1)
or opposite (2/1) helicities. All of them are able to undergo
inversion or chiral amplification under the influence of
appropriate stimuli due to the high degree of dynamic character
they show (see below). 17,18

Similar studies on the corresponding meta and ortho-
substituted PPAs have been carried out and are described next.

The Structure of meta-Substituted Poly(phenylacetyl-
ene)s. After being synthesized (see SI), m-poly-1 and m-poly-2
were submitted to analysis both in solid-state and in solution.
For the solid-state studies, a monolayer of m-poly-1 on HOPG
was prepared using a protocol based on the Langmuir—
Schaeffer methodology'™ and analyzed by high-resolution
AFM. The images obtained of m-poly-1 showed well-ordered
polymer chains, packed in a parallel fashion. Interestingly, the
monolayer presents separate regions homogeneously formed by
stretched and by compressed helical scaffolds, but no areas of
mixed packing were found (Figure 4). Thus, the behavior of
this meta polymer differs from that shown by its para analog,
where the two observed scaffolds showed compressed 3/1
structures (Figure 3b,c).

The compressed helix presents a 3.2 nm helical pitch and 60°
packing angle. These values are similar to those reported for p-
poly-1 that has a contracted helix with a cis—cisoidal backbone
(+60°) and three residues per turn (Figures 3c and 4a).

On the other hand, the stretched helix presents 5.3 nm
helical pitch and 40° packing angle that by modeling
corresponds to a cis—transoidal (+160°) helix with two
residues per turn (Figure 4b).

DOI: 10.1021/jacs.6b04834
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Figure 4. (a) AFM image, helicities of the external and internal helices
and 3D model of the compressed (cis—cisoidal) structure of m-poly-1.
(b) Idem of the stretched (cis—transoidal) structure of m-poly-1.

In the case of m-poly-1, the backbone of contracted and
stretched helices rotates in the same P sense, internal helices,
(+60°, + 160° respectively; same CD sign at 375 nm), while the
external helices rotate in opposite senses: P for the contracted
chain and M for the stretched one [i.e, P(e)/P(i) contracted;
M(e)/P(i) stretched, Figure 4]. Both helices can accommodate
the pendants in an ap conformation, a structural array also
found in the monomer m-M-1 both in solid state (X-ray, Figure
5¢) and in solution (CD studies, see SI).
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Figure 5. (a) CD spectrum of m-poly-1. (b) CD spectrum of m-poly-
2. (c) Xeray structure of monomer m-M-1. (d) X-ray structure of
monomer m-M-2.

The structure inferred for m-poly-1 in THF solution is in
agreement with the presence of those two types of helices in
equilibrium. The CD presents a very strong positive band at
around 240 nm (band in part associated with the pendant
conformation, 3rd Cotton effect) and two smaller bands
centered at 320 nm (negative) and 400 nm (positive) in the
polyene region (first and second Cotton effects respectively,
Figure Sa). In addition, when the CD spectra were recorded at
different temperatures (Figure 6a), the intensities of the two
polyene bands evolve as expected for an equilibrium mixture
between (a) a more stable contracted helix (i.e., cis—cisoid, 3/
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Figure 6. (a) VT-CD of m-poly-1 showing the variations of the first
and second Cotton effects at different temperatures (from —25 to +50
°C). (b) VT-UV of m-poly-1 showing the hypsochromic/bath-
ochromic shifts as temperature decreases/increases (from —25 to
+50 °C). CD and UV spectra were recorded in THF at 0.3 mg/mL.

1), that increases both its population and band intensities (first
and second Cotton effects) at lower temperatures and (b) a less
stable stretched one (i.e., cis—transoid, 2/1), that increases its
population at higher temperatures together with a smaller
contribution to the band intensities. In accordance with this,
the UV band of m-poly-1 at 400 nm suffers a hypsochromic
shift when temperature decreases (smaller polyene conjugation,
cis—cisoid) and a bathochromic shift at higher temperatures
(larger polyene conjugation, cis—transoid; Figure 6b).

In resume, the structure of m-poly-1 is characterized by the
coexistence, both in solid state and in solution, of stretched
(i.e, 2/1) and compressed (i.e, 3/1) helical scaffolds, formed
in both cases by a cis-polyene skeleton. DSC and Raman studies
confirmed the presence of cis-polyene structures in m-poly-1
(see SI).

To our knowledge, this is the first time that a PPA is reported
having different types of helical chains (cis—cisoidal 3/1 and
cis—transoidal 2/1) both in solid state and in solution.

Similarly, monolayers of m-poly-2 were deposited on HOPG
as before and submitted to high-resolution AFM. The images
indicated the presence of well-ordered 2D crystals, with the
polymer chains packed in a parallel fashion (Figure 7).

Two different types of assemblies are distinguished. In one of
them, the chains show a helical pitch of 3.8 nm and a packing
angle of 40°. Modeling (Figure 7a) based on these values leads
to a helix with a cis—transoidal backbone (i.e., 158°) and two
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Figure 7. (a) 3D structure and AFM image for the compressed
structure of m-poly-2. (b) 3D structure and AFM image for the
stretched structure of m-poly-2.
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residues per turn similar to the helix of p-poly-2 (2/1, Figure
3d).

The other assembly showed by AFM helices with 5.3 nm
pitch and 35° packing angle that corresponds, by modeling, also
to a cis—transoidal (i, 165°) polyene backbone describing a
helix with two residues per turn (2/1, Figure 7b). Raman
spectra of m-poly-2 (film, CHCl;) showed bands in the cis-C—
H region at 995 and 1004 cm™, corroborating the existence of
those two cis—transoidal helical scaffolds. As in the case of m-
poly-1, both helices show pendants in ap conformation, as it
also happens in monomer m-M-2 both in solid state (X-ray,
Figure 5d) and in solution (CD studies, see SI).

In solution, m-poly-2 shows a CD spectrum with two
negative bands in the polyenic region (i.e, 365 and 442 nm)
and a UV both coherent with the presence of two helices, one
more compressed (negative CD band at 365 nm, similar to p-
poly-2) than the other (442 nm) (Figure 8a).
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Figure 8. (a) CD and UV spectra of m-poly-2 in dioxane showing two
bands in both spectra indicating the presence of compressed and
stretched helical structures. (b) VT-CD and VT-UV of m-poly-2 in
dioxane showing decreasing CD signals as temperature increases, but
maintaining the ratio between stretched and compressed helices. (c)
CD and UV spectra of m-poly-2 in dioxane and DMF. CD shows the
decrease of the stretched helix (the band at 442 nm almost
disappears). UV shows a hypsochromic shift in fully agreement with
the disappearance of the CD band at 442 nm. (d) Overlay of Raman
spectra of p-poly-2 and m-poly-2, showing the compressed helix (1004
cm™) in the former and the coexistence of stretched and compressed
helices in the latter (995 and 1004 cm™" respectively).

Recording the CD spectra at different temperatures in
dioxane (VT-CD) shows that the two polyene bands undergo
similar variations, thus suggesting that the two helices are
virtually in a 1:1 equilibrium (Figure 8b). As expected, VT-UV
recording did not show significant hypso or bathochromic
effects in that solvent either (Figure 8b).

Information about dynamic/static character of the helical
scaffold of m-poly-2 was obtained observing the changes
produced in solvents of different polarity. Thus, when the CD
of m-poly-2 was recorded in polar solvents such as DMF or
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DMSO, the band due to the more conjugated (stretched)
polyene (442 nm) diminishes its intensity, almost disappearing,
while the band due to the less conjugated helix (365 nm)
increases. Similarly, the UV showed in polar solvents a
significant hypsochromic effect on the vinylic band (Figure
8c), coherent with the expected decrease in conjugation that is
expected for a more contracted polyene scaffold.

In summary, m-poly-2 is composed by two types of cis—
transoidal helices (i.e., 2/1) that differ from each other in their
degree of elongation. In solid state they form separate
monolayer fields, while in solution they are in equilibrium
between the compressed and stretched forms. Resorting to
solvents of different polar and donor properties can shift this
equilibrium.

It is noteworthy to highlight how small changes in the
polyene dihedral angle (from 158° to 165°) produce large
structural changes observable not only in the AFM images (e.g.,
the helical pitch) but also in the CD-UV spectra (e.g, the
different absorptions at the vinylic region). The larger
conjugation between the double bonds in the stretched helices
when compared to the compressed ones justifies the bath-
ochromic effect observed in the former.

The Structure of ortho-Substituted Poly(phenylacetyl-
ene)s. The ortho-substituted monomers 0-M-1 and 0-M-2 were
submitted to polymerization as above, but in spite of our efforts
and numerous changes in experimental conditions and the use
of different Rh(I) catalysts, 0-M-2 could not be converted into
the corresponding polymer (see explanation below), forcing us
to continue the work with o-poly-1 as the only representative of
ortho-substituted polymer. This polymer was isolated as a dark
red material with a poor solubility in common organic solvents.

2D crystals of o-poly-1 were prepared by spin-coating'*" ™
(see SI), and when their AFM images on HOPG were
examined, surprisingly they did not show the presence of single
chains, but extended left-handed helical fibers with a helical
pitch of 13 nm, a packing angle of 40° (Figure 9a), and
diameters in a range of 6—15 nm, indicating that they are
formed by self-assembly of individual polymer chains. The
height of these fibers corresponds to the diameter of a single
chain (2 nm) (Figure 9b).
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Figure 9. (a) 3D model and AFM image of o-poly-1 fibers. (b) Cross
section of a fiber (13 nm wide) showing its height (2 nm). (c) SEM
images of larger chiral nanostructures formed by the supramolecular
assembly of o-poly-1.
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With the aforementioned data on hand, we carried out
structure modeling and found a perfect match with a polyene
structure with a cis—transoidal helical backbone (+175° 2/1)
describing a P internal helix while the pendants describe a M
external helix [ie, M(e)/P(i)], generating an almost planar
structure. The pendants show an ap arrangement, that is also
found in monomer 0-M-1 in solid state (X-ray, Figure 10b) and
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Figure 10. (a) CD spectra of o-poly-1. (b) CD and X-ray structure of
0-M-1. (c) CD and X-ray structure of o-M-2. (d) Overlay of UV
spectra (0.1 mg/mL CHCL;) of p-poly-1, m-poly-1, and o-poly-1
showing the bathochromic shift of the last one at the vinylic region. A
picture of vials containing solutions of the corresponding polymers in
CHCI, to perceive the change of color has been inserted. (e) Raman
spectra of p-poly-1, m-poly-1 and o-poly-1 highlighting the cis-C—H
band. A shift toward lower wavelength is observed in o-poly-1.

in solution (CD studies, see SI). The X-ray structure clearly
shows the short distance between the pendant and the alkyne

group that is even shorter in 0-M-2 (Figure 10c). This last fact
justifies the lack of reactivity of 0-M-2 with the Rh(I) catalysts.

Raman spectra corroborated the cis-polyene skeleton with a
C—H band at 973 cm™". In fact, this frequency is much lower
than in the meta and para counterparts (995 and 1004 cm™’,
respectively), clearly indicating that the helical backbone of o-
poly-1 is much more stretched (Figure 10e).

Moreover, when this extended structure is examined, it
shows the hydrophobic constituents (i.e, Ph groups, the
polyene scaffold) much more exposed to the solvent than in the
case of the para or meta analogues. This structural feature,
together with the large degree of planarity reached by the
polyene system that facilitates the docking between nearby
chains, can explain the high tendency of o-poly-1 to form fibers
by aggregation. In fact, this capacity for aggregation can be
tuned by adequate selection of solvent and concentrations, to
produce chiral fibers with different lengths, diameters and
shapes.

For instance, while a 0.01 mg/mL solution of o-poly-1 in
chloroform forms by spin-coating just fibers of 13 nm on
HOPG (Figure 9a), the slow evaporation of a solution 0.1 mg/
mL in an 8:2 chloroform/butanone mixture on silicon wafer by
drop-casting led to the formation of larger chiral fibrillar
aggregates with diameters around 25 nm and different lengths
(from 100 to 500 nm, fiber-like). These fibers seem to be an
intermediate aggregation state that leads to the formation of
even larger rod-like structures with a width of 55—60 nm and
variable lengths ranging from 100 nm to 4.3 um (Figures 9¢
and 11). It is necessary to point out that the width of the
aggregates, also observed in THF solutions, seems to follow a
well-defined growth pattern in which the width of one
aggregate doubles approximately the width of the previous
one (ie, 13, 25, 60; Figure 11).

The highly stretched helical structure observed in the solid
phase is also present in solution, where o-poly-1 shows the CD
polyenic band at 508 nm (a bathochromic shift of about 100
nm when compared to the corresponding bands in the para and
meta analogues, Figure 10a) and a dark-red color, with UV

Rod-like aggregates

—
e

Figure 11. Evolution of o-poly-1 aggregates from single chains to complex chiral nanostructures formed by the supramolecular assembly of o-poly-1.
AFM and SEM images of the different types of aggregates are also shown.
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maximum at 508 nm illustrative of an almost planar and highly
conjugated cis—transoid polyene (Figure 10d). o-Poly-1 is so
rigid that no changes on the helical sense or pitch can be
observed by interaction with metal ions or polar solvents,
therefore it can be defined as a quasi-static helical polymer.

In summary, o-poly-1 presents both in solution and in the
solid state a single type of cis—transoidal chain characterized by
its long helical pitch, a nearly planar and rigid shape, and a large
degree of conjugation. These structural features and the
external position of the hydrophobic groups explain the
tendency of this polymer to form fibrillar aggregates of
different sizes and shapes, a phenomenon that was not
observed in the other polymers described in this work.

The Role Played by the Connectivity and the
Substitution Pattern in PPA Architecture. It has been
shown in many para-substituted dynamic PPAs, both with
anilide or benzamide links, that the conformational composi-
tion of the pendants determines the preference for a certain
helical sense and pitch of the helix.”'*"*'*'”'® For instance, in
p-poly-1, an equal ratio of two conformers of MPA leads to an
equal proportion of cis—cisoid P and M helices (3/1); in p-
poly-2, the PGME pendant has an excess of one conformer, and
therefore, the polymer shows an excess of one helical sense
(cis—transoid P or M, 2/1, see above). In both cases, the helices
can be classified as compressed ones (Figure 12).

2 Ml equilibrium between
x contracted helices

—_—
control on the
helical sense by
external stimuli

A
28]

cis-cisoid 3/1

anilide (MPA) cis-cisoid 3/1
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= = % control on the

Pitch Modulation - helical pitch by
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cis- anilide (MPA) cis-transoid 2/1
isoith3bid 2/1 ide (PGME) i i
slightly dynamic helix

ortho-PPAs
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Increasing dynamic character
Decreasing helical pitch

Decreasing dynamic character
Increasing helical pitch

< )

Figure 12. Types of PPA scaffolds according to the connectivity/
pattern of substitution and main responses to external stimuli.

In solution, the helices of the para polymers are highly
dynamic and respond effortlessly to external stimuli. Thus,
when variations in temperature, in the polarity and the donor/
acceptor character of the solvent, or by the addition of metal
ions with different valence (mono and di) modify the
conformational composition of the pendants, the polymeric
backbones act as sensors that respond in a number of ways:
inverting the helical sense (helical inversion), selective shifting
to one sense or the other (helical selection), stretching or
shortening of the chains (pitch modulation), and increasing the
optical response mediated by domino or Sergeants and Soldiers
effects (chiral amplification).

In contrast, when those very same pendants are located in
meta position instead of para, the polymers show the presence
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of two scaffolds in equilibrium: a compressed helix (cis—cisoid,
3/1, in m-poly-1; cis—transoid, 2/1, in m-poly-2) and a
stretched helix (cis—transoid, 2/1, in m-poly-1; cis—transoid, 2/
1, in m-poly-2).

Interestingly, the compressed helices in both cases are
structurally similar to the compressed ones found in their para
counterparts, being the stretched chains the ones that differ
from those found in the para polymers.

The equilibria between compressed and stretched helices in
the meta polymers can be partially modulated by temperature
or solvents but never to the degree reached in the para
polymers. Furthermore, they do not undergo significant
changes either under the action of metal cations (see SI).
Consequently, with the meta PPAs, phenomena such as helical
inversion (with solvents or metal cations) or helical selection
(with metal cations) are not possible (see SI).

Finally, the ortho polymer, available only through an anilide
bond, shows the largest and single stretched helix (cis—
transoid, 2/1) and a quasi-static behavior that prevents any kind
of modulation by external stimuli (solvents, cations, see SI).
However, its stiffness and close-to-planar structure produce a
new effect not observable in the other polymers: They facilitate
the aggregation between chains that leads to the formation of
supramolecular assemblies in the form of fibers or rod-like
nanostructures (Figure 12).

B CONCLUSIONS

In summary, we have demonstrated how mutations on the
aromatic substitution pattern—para, meta, and ortho—and
connectivity—anilide, benzamide—of a chiral PPA affect its
helical scaffold and dynamic behavior and consequently the
response to external stimuli. Thus, when the chiral pendant
group gets closer to the polyene backbone (when going from
para to meta and to ortho-substituted PPAs), the polymer
releases the generated steric hindrance by elongation of the
polymer chain. Interestingly, we found that in meta-substituted
PPAs (m-poly-1 and m-poly-2), where the pendant moiety is
located in-between the para and the ortho position, the PPAs
present in solution an equilibrium between two different helical
structures, one similar to that observed in the para analogue,
and another more stretched one. AFM images showed that
those two helices generate, in the solid state, two different
domains of 2D-crystals specific for each helix. The internal
sense of the two helices is the same (e.g., left handed), but the
helix described by the pendants can be identical (in m-poly-1)
or opposite (m-poly-2) to the internal helix, depending on the
elongation of the polyene backbone.

On the other hand, the ortho-substituted polymer (o-poly-1)
has the pendant group so close to the backbone that in order to
release the steric hindrance, it adopts an almost planar
structure. The presence of this flattered structure leads to the
aggregation of the polymer chains, through the hydrophobic
PPA backbone resulting in the formation of chiral fibers with
different sizes, as observed by AFM and SEM experiments.

In addition, these studies also demonstrate that going from
para to meta and to ortho substitution affects the dynamic
behavior of the polyene chain. Thus, while para-substituted
PPAs (p-poly-1 and p-poly-2) are highly flexible and respond
easily to the polarity and donor character of solvents or to
metal ions, ortho-substituted PPAs as o-poly-1, form quasi-static
helices, whose helical sense cannot be tuned by external stimuli
due to the restricted conformation at the pendant moiety.
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With regard to the meta-substituted polymers (m-poly-1 and
m-poly-2), their helices can be slightly tuned by external stimuli
that act on the conformational composition of the pendants,
shift the equilibrium between the two helices but never to the
high degree of response reached with their para counterparts
(Figure 12).

Thus, we believe that the substitution patterns discussed in
this work can be used as a very efficient tool to obtain helical
PPAs with the desired degree of stretching, dynamism, and
response to external stimuli. Moreover, these findings provide
very useful information about the structure of these PPAs and
their function as sensors, chiral stationary phases, chiral ligands
for asymmetric synthesis, etc.

The coexistence in the structure of PPAs of internal and
external (2/1 or 3/1) helices that can rotate in the same or
opposite senses, that are detected by different techniques (CD
for the internal helix and AFM for the external one), found in
different states (solution, film, 2D crystal) and the relevance of
their interplay, should be stressed. This stereochemical aspect is
particularly important when the PPA or the derived
nanostructures are aimed to the development of macroscopi-
cally chiral supports, catalysts, sensors, or nanoreactors, because
in these cases, only the external helix is relevant.
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