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Elucidation and Dynamic Luminescence
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Abstract: The secondary structure of a dissymmetric and
chiral poly(diphenylacetylene) (PDPA) is elucidated by
combining the data from NMR experiments (regioregu-
lar head to tail structure), Raman and IR studies (E
configuration of the polyene double bonds), and high-
resolution AFM images (helical pitch, packing angle and
orientation of the external helix). As a result, an E-
transoidal polyene backbone describing three coaxial
helices is obtained. Theoretical electronic circular di-
chroism (ECD) studies of the structure show a good
correspondence between experimental and theoretical
data and allow one to decipher that the first Cotton
band is generated by the poly(diphenylacetylene) core
and not only by the polyene backbone. The dynamic
behavior of poly-(S)-2 is also demonstrated by a helix
inversion effect produced by conformational changes at
the pendant groups when annealed in solvents with
different donor abilities. This phenomenon is accompa-
nied by an inversion of the circular polarized lumines-
cence of the PDPA (CPL switch).

Introduction

Molecular engineering allows the design of novel materials
with a certain structure and specific properties related to it.
Within this topic, modelling new helical structures based on
non-natural building blocks such as helicenes,[1–3]

foldamers,[3–6] supramolecular[7–9] or covalent helical
polymers,[10–17] has attracted the attention of the scientific
community. These studies are inspired by the structure/
function relationships present in biomacromolecules such as
peptides, proteins, DNA or polysaccharides. Among non-
natural helical scaffolds, dynamic helical polymers constitute
a very interesting family due to the possibility of tuning their
helical sense or elongation through external stimuli.[19–23] The
use of non-natural building blocks to synthetize these
polymers allows the creation of smart materials with
applications in different fields such as sensing,[24–31] asymmet-
ric synthesis,[32–36] chiral recognition[37] and separation.[38–41]

However, in molecular engineering it is mandatory to
establish structure/function relationships for these materials,
a fact that will allow to determine and, if possible, refine the
structural features involved in the functionality of the
material.

Unfortunately, the structural elucidation of helical poly-
mers is not straightforward due to the presence of monomer
repeating units (m.r.u.) along the polymer chain, rendering
powerful structural techniques such as nuclear magnetic
resonance (NMR) or X-ray diffraction (XRD) useless.
During the last decade a great effort has been made in the
structural characterization of poly(phenylacetylene)s
(PPAs), fundamentally through a combination of techniques
(NMR,[42,43] XRD,[44–52] atomic force microscopy (AFM),[53–61]

differential scanning calorimetry (DSC),[62] Raman,[63] circu-
lar dichroism (CD),[64,65] vibrational circular dichroism
(VCD),[66] Raman optical activity (ROA),[67]), computational
studies[68,69] and reactivity experiments (photochemical elec-
trocyclization of PPAs[67]) that were used to obtain informa-
tion about different structural parameters of these complex
macromolecules and combined to solve the puzzle of the
secondary structure of helical polymers.

Another interesting family of helical polymers are the
poly(diphenylacetylene)s (PDPAs)[71–93] that resemble PPAs
in the main chain, which in both cases is made up of
conjugated double bonds. However, the presence of a
phenyl group on each carbon of the double bond in PDPAs
makes the properties of both materials very different. For
instance, PDPAs show better chemical, thermal and photo-
chemical stability compared to PPAs.[72–85] Moreover,
PDPAs exhibit another interesting property that PPAs do
not have, i.e. photoluminescence.[82–85,89] As a negative
characteristic, PDPAs show a poor dynamic behavior, being
necessary to heat them to 80° to induce a helical sense once
the external stimuli are modified.[79–85] This depletion of
dynamic behavior is a consequence of the introduction of
the second phenyl ring in the m.r.u., which congests the
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helical backbone and where steric repulsion does not favor
chiral amplification and helix inversion effects.

PDPAs can be classified in two different groups,
symmetric (Scheme 1a) or asymmetric (Scheme 1b), depend-
ing on the substitution of the two phenyl rings. Moreover, in
both groups the stereoregularity of the polymer depends on
the configuration of the double bonds, Z or E (Scheme 1a,
b), and the dihedral angle between conjugated double
bonds, which can adopt either cisoidal or transoidal config-
uration, ω1<90° (cisoidal); ω1>90° (transoidal) (Sche-
me 1c). Thus, four different possible stereoregularities can
be obtained in PDPAs, namely Z-cisoidal, Z-transoidal, E-
cisoidal and E-transoidal, where the Z/E content depends on
the catalyst used for the polymerization reaction and the
cisoidal/transoidal configuration is related to the steric
hindrance between pendant groups.

The complexity of the system increases in the case of
asymmetric PDPAs where different products can be ob-
tained depending on the regioregularity of the polymer-
ization reaction. Thus, head-to-tail, head-to-head or tail-to-
tail polymerizations can occur (Scheme 1d), each of them
with the four possible stereoregularities at the conjugated
polyene backbone.

This fact, in combination with the fully substitution of
the double bonds, and therefore of the polyene backbone,
makes the extrapolation of structural information obtained
for PPAs useless to elucidate the structure of PDPAs.

Only a few examples related to chiral PDPAs[72–85] are
found in the literature compared to the large amount of
work that has been done with PPAs.[12–33,37–51,94–97] This is due

to the difficulty of obtaining the former polymers in the
laboratory by polymerization of the corresponding dipheny-
lacetylene monomers (DPA). Thus, while PPAs bearing a
large variety of functional groups are easily prepared using a
RhI catalyst,[45,51] the synthesis of PDPAs is more complex
due to the low tolerability towards polar groups shown by
the catalysts used to prepare these materials. For instance,
Tang and co-workers developed a synthetic procedure that
uses a combination of WCl6-Ph4Sn in toluene to polymerize
achiral diphenylacetylenes,[74–76] although following this ap-
proach it is not possible to polymerize diphenylacetylenes
bearing polar groups due to the poisoning of the catalyst. To
prepare polar PDPAs, it is neccessary to first polymerize a
diphenylacetylene in which one or both of the aryl rings
carry an active pentafluorophenyl ester group (PFP), which
is efficiently transformed into a chiral PDPA by a post-
functionalization reaction.[81] Interestingly, all the polymers
prepared in these conditions do not show an induced helical
structure once they are obtained. Thermal annealing is
necessary, i.e., 4 h at 80 °C, to induce a preferred handedness
in the PDPA main chain.[81,82, 86,99]

Recently, Maeda and co-workers studied the secondary
structure of symmetric PDPAs bearing para-substituted
carboxy pendant groups.[79,80] By using a combination of 1H
and 13C NMR, IR, Raman, VCD and ECD spectroscopies,
they found that this polymer adopts a preferred cis-trans-
oidal structure, where P or M-helical senses can be induced
by thermal annealing in water in the presence of chiral
amines. On the other hand, in the case of asymmetric
PDPAs, Kwak, Aoki and co-workers made great contribu-
tions to the study of their luminescent properties and to the
achiral-to-chiral transformations of PDPAs.[78,82,85–89] To
perform these studies, a catalyst developed by Masuda
[TaCl5-n-Bu4Sn] was used.[77] Also with asymmetric PDPAs,
Tang and co-workers reported polymers prepared with the
WCl6-Ph4Sn

[83,84] catalyst that Maeda also employed for the
preparation of optically active PDPAs with application as
chiral stationary phases.[71] Nevertheless, although several
examples of asymmetric PDPAs are found in literature,
their secondary structure remains unclear. From these
studies it is found that the helical structure adopted by a
PDPA depends on the monomer structure[98] and, therefore,
to assume that symmetric and asymmetric PDPAs have the
same scaffold is a mistake.

Herein, we will study the secondary structure of chiral
and asymmetric PDPAs obtained from polymerization of an
achiral diphenylacetylene, where one of the aryl rings carries
an active pentafluorophenyl ester (PFP) group, while the
other phenyl ring remains unaltered.[81] This approach is one
the most widely used in the preparation of asymmetric
PDPAs. The stereo and regioregularity of the polymer will
depend on the synthesis of the first PDPA, which bears the
PFP as pendant group and that is further transformed in a
chiral PDPA. Thus, through a post-functionalization reac-
tion, the PDPA bearing the 4-benzamide of alanine methyl
ester as pendant group will be prepared and its secondary
structure elucidated.

Scheme 1. General molecular structure of a) symmetric and b) asym-
mmetric PDPAs. c) Stereoregularity of a PDPA obtained via head to tail
polymerization. d) Regioregularity in a PDPA with an (E)-transoidal
polyene backbone.
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Results and Discussion

The synthesis of the achiral and asymmetric precursor,
perfluorophenyl 4-(phenylethynyl)benzoate, and its subse-
quent polymerization to obtain poly-1 using a mixture of
WCl6-Ph4Sn as catalyst, was carried out according to the
methods previously reported.[83,84]

The number average molar mass (Mn) and molar mass
dispersity (Mw/Mn) of poly-1 were 1.4×104 and 1.43
respectively, as determined by gel permeation chromatog-
raphy (GPC) using THF as eluent and polystyrene narrow
standards (PSS) as calibrants. Taking advantage of the active
ester present as pendant group, poly-1 was effectively
transformed into poly-(S)-2 by coupling with NH2-Ala-OMe
under common peptide coupling conditions (Figure 1), as
confirmed by 19F NMR and IR studies that corroborated the
disappearance of the signals corresponding to the penta-
fluorophenol moeity (see Supporting Information).

Once poly-1 and poly-(S)-2 were obtained, their stereo-
and regioregularity were analyzed using IR, Raman, and
NMR techniques as structural tools.

Raman spectroscopy is a powerful structural technique
that provides useful information related to the stereo-
regularity of the conjugated double bonds.[83] It is commonly
applied to assess cis- or trans-content in PPAs and
PDPAs.[51,99,100] Catalysts based on tungsten (W) are known
to provide trans-rich PDPAs as shown in many examples in
the literature,[99,100] albeit Maeda recently demonstrated that
in the case of symmetric PDPAs, polyene backbones with a
predominant cis-content of double bonds are also
obtained.[79,80]

Herein, we will study the stereoregularity of poly-1 and
poly-(S)-2 by comparison of their Raman spectra with those
obtained for PPAs with well-known secondary structure.
Therefore, as model compounds we chose poly-(3–6) (Fig-
ure 2a). Poly-3[100] and poly-4[54] were selected due to their
resemblance with poly-1 and poly-(S)-2, while poly-5[70] and
poly-6 were chosen due to the possibility of generating a
trans-PPA (E-PPA, poly-6) by isomerization of a cis-PPA
(Z-PPA, poly-5) (Figure 2a). The isomerization of the
polyene backbone proceeds through the generation of a
delocalized radical cation in the polyene when the anilide
group of the PPA interacts with Au3+ (see Supporting
Information).

Careful examination of the Raman spectra unambigu-
ously reveals clear differences for the polymeric backbones
containing cis or trans double bonds. While polymers with a
high content of cis (Z) double bonds [poly-(3–5)] showed an
intense Raman band at ca. 1585 nm together with a weak
one at ca. 1550 nm, for polymers with a trans (E) config-
uration [poly-(1–2), poly-6] of the double bonds, the
opposite scenario is obtained, a weak band at ca. 1585 nm
followed by a strong band at ca. 1557 nm (Figure 2b).

Another structural technique that provides useful in-
formation related to the Z/E configuration of double bonds
in polyene backbones is IR. In a seminal work, Simionescu
et al. were able to determine the cis/trans (Z/E) configu-
ration of the double bonds by analyzing the ratio between
the bands at 1500 and 1450 cm� 1 of different model
compounds.[101] Thus, while PPAs with a 1500/1450 (cm� 1/
cm� 1) ratio>1 have a majority trans configuration of the
double bonds, those with a 1500/1450 (cm� 1/cm� 1) ratio�1Figure 1. Synthetic approach to prepare poly-1 and poly-(S)-2.

Figure 2. a) Structure of poly-(3–6). Partial b) Raman and c) IR spectra
of poly-(1–6) showing the 1300–1600 cm� 1 regions.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202115070 (3 of 10) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



have a prevalent cis configuration of the double bonds.
Hence, we decided to analyze these bands for all the
polymers used in this study, PPAs and PDPAs, and
determine if the reported pattern found by Simionescu et al.
for PPAs can be extended to PDPAs. Interestingly, in all
PDPAs and PPAs with a trans- (E) content of the double
bonds, the ratio between the 1500/1450 (cm� 1/cm� 1) bands is
greater than 1, while in those cases where the polyene is
formed by cis- (Z) double bonds, the ratio between those
two bands is �1, indicating that this PPA protocol can be
extended to PDPAs (Figure 2c).

To determine the Z/E configuration of the double bonds,
it is recommended to analyze both the Raman and IR
spectra, being necessary to check the ratio of signals at
ca.1585/1550 (cm� 1/cm� 1) for Raman studies and ca.1500/
1450 (cm� 1/cm� 1) for IR experiments.

Once the trans (E) configuration of the double bonds
was demonstrated in asymmetric PDPAs prepared with
WCl6/Ph4Sn catalysis, the regioregularity of these polymers
was explored.

As stated above, different regioregularities (head-to-tail,
head-to-head, and tail-to-tail) can be generated in these
systems during the polymerization of asymmetric DPA
monomers (Scheme 1d). 1H NMR spectra of poly-(S)-2 in
different solvents show a single set of NMR signals
indicating the presence of a regioregular polymer (Figure 3c
and Supporting Information). Otherwise, a mixture of
regioregularities should result in more complicated NMR

spectra due to the different anisotropic environments
experienced by the protons of the m.r.u. within the different
regiochemistries (Figure 3a). To discriminate between the
different regioregularities, long-distance 2D NMR experi-
ments such as NOESY were carried out. Detailed observa-
tion, after modeling structures containing the three possible
regioregularities (head-to-tail, head-to-head, and tail-to-tail)
of poly-(S)-2 and trans (E) configuration of the double
bonds in the polyene backbone, reveals that in head-to-head
or tail-to-tail regioregularities, all the aromatic protons of
the unsubstituted benzene ring are in close contact with the
different protons of the alanine residue of n� 1 and n+1
m.r.u. (Figure 3a). This fact is due to the alternating
distribution of alanine residues and aromatic rings on the
helix ridges. On the contrary, in the case of a head-to-tail
regioregularity, the unsubstituted and the substituted aro-
matic rings are located in the opposite helix ridges (Fig-
ure 3a). As a result, the proton at the para position of the
unsubstituted benzene ring should afford a long-distance
NOE cross peak with some alanine protons in a head-to-
head or tail-to-tail sequence, whereas this NOE should not
be observed in the case of a head-to-tail sequence. There-
fore, the absence of this cross peak in the NOESY spectrum
corroborates the head-to-tail regioregularity during the
polymerization of poly-1 (Figure 3c).

Interestingly, the head-to-tail structure observed for
poly-(S)-2 resembles the packing observed for a diphenyla-
cetylene derivatized with an alanine methyl ester group [m-
(S)-2] by X-ray diffraction[102] (Figure 3b).

Next, ECD studies were carried out for poly-(S)-2 in
DMF. As expected, no ECD signal was obtained until the
sample was annealed at 80 °C for 4 hours. After annealing,
an ECD trace with a first positive Cotton effect at 400 nm
was obtained (Figure 4b). The dissymmetry factor (gabs)
obtained for poly-(S)-2 was 1.8×10� 3, within the same range
as the values reported for symmetric PDPAs or PPAs,[10,12,79]

fact that corroborates both good stereo and regioregularities
within poly-(S)-2 with a screw sense excess.

To obtain more structural information, and to refine the
helix adopted by poly-(S)-2, a 2D-crystal of this polymer
was prepared using the protocol described by Yashima
et al., which consists of spin coating a dilute DMF solution
of poly-(S)-2 on highly oriented pyrolytic graphite (HOPG)
followed by annealing under the corresponding solvent
atmosphere.[59] In our case, before spin coating the sample,
the polymer was annealed in DMF at 80 °C for 4 h to induce
a screw sense excess in the polyene backbone. High-
resolution AFM images of poly-(S)-2 reveal the presence of
2D crystals where single PDPA chains are packed in a
parallel manner, one after the other, to form a right-handed
(clockwise) pendant disposition with the periodic oblique
stripes in 50° angles and a helical pitch of 6.35 nm (Fig-
ure 4a).

By combining the information obtained from the ECD
and AFM studies of poly-(S)-2 in DMF, we can state that
the first positive Cotton band (CD400>0) corresponds to a P
helical structure described by the pendant groups (external
helix). As with PPAs, PDPAs are made up of two coaxial

Figure 3. a) Dimeric model structures for a head-to-head, tail-to-tail and
head-to-tail regioregularities of poly-(S)-2, emphasizing the expected
NOE cross peaks for Ha. b) X-ray structure of m-(S)-2. c) NOESY
spectrum of poly-(S)-2 in DMSO.
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helices, one described by the polyene backbone and the
other described by the pendants.[70]

In order to stablish a relationship between internal and
external helices, computational studies [TD-
DFT(CAM� B3LYP)/3-21G][103–106] were performed on a P
helix (n=20 m.r.u.) for a PDPA with trans-transoidal
skeleton, ω1= � 165°, ω2=180°, ω3=40° (Figure 4a, d). In
this model, the chiral substituents were removed to reduce
the computational demands. The simulated ECD spectrum
(Figure 4c and Supporting Information for detailed informa-
tion) is in good agreement with the experimental one, which
indicates that the proposed model is a good approximation
to the structure of poly-(S)-2.

The helical structure described by an asymmetric PDPA
in a trans-transoidal configuration is very different from the
cis-transoidal helix described by a PPA. In a PDPA helix,
three different helices coexist: a) helix 1, which is the
classical internal helix described by the orientation between
conjugated double bonds (ω1= � 165°) and which in this
example (i.e., poly-(S)-2) is M oriented due to the negative
value of ω1 (Figures 4a, d); b) helix 2, which is the helix
described between consecutive poly(diphenylacetylene)
groups, and which rotates in the opposite direction to that

defined by the dihedral angle between conjugated double
bonds, helix 1=ω1 (so, in poly-(S)-2, is P; Figure 4a); and c)
helix 3, which is present in PDPAs but does not exist in
PPAs. This helix appears when the polyene backbone grows
because of the trans-transoidal configuration of the polyene,
resulting in a twist of the whole scaffold. The helical sense
described by helix 3 is coincident with that described by
helix 2, in this case a P helix (Figure 4a).

When analyzing the data obtained from the theoretical
calculations, we could observe that unlike the PPAs, the
PDPAs show a first Cotton band given by a combination of
the poly(diphenylacetylene) backbone and not only by the
polyene (see Supporting Information). Therefore, these
results indicate that the correlation between the ECD signal
and the helical sense of the polyene (ω1) found in cis-PPAs
cannot be applied to asymmetric PDPAs. In the latter it is
found that, although the double bonds are M oriented (helix
1 ω1<0), the P orientation of consecutive diphenylacetylene
m.r.u. (helix 2) in combination with the P orientation of the
whole scaffold (helix 3), results in a final positive Cotton
band. Thus, at this point we can state that in an asymmetric
PDPA with a trans-transoidal helix, a first positive Cotton
band at 400 nm indicates a helical structure with a M/P/P
(helix 1/helix 2/helix 3) orientation. On the contrary, if the
asymmetric PDPA shows a CD400<0, then the polymer
adopts a P/M/M (helix 1/helix 2/helix 3) orientation.

Another interesting structural feature observed in
PDPAs is found when the ECD and the UV spectra
obtained for a DMF solution of poly-(S)-2 are compared
(Figure 4b). By looking at the two spectra, we can see that
there is a mismatch between the first Cotton band in the
ECD spectrum (400 nm) and the highest wavelength UV
band (450 nm), corresponding the ECD Cotton band to the
second band of the UV-spectrum (400 nm). To determine
and characterize the electronic transitions responsible for
these two UV-bands, theoretical ECD and UV studies were
carried out for an n=12 oligomer. The theoretical UV-
spectrum reproduced the experimental one, showing two
maxima at ca. 400 and 450 nm, being the first transition the
one that produces the first Cotton band.

By analyzing the electron density differences involved in
the transitions responsible of these bands, it was found that
while the UV band at higher wavelengths, the one that is
not ECD active, has an asymmetric contribution of the
polyene and the aryl rings (Figure 5), the second UV band
that corresponds to the first Cotton in the ECD spectrum
shows a more symmetric contribution of each diphenylacety-
lene m.r.u. (Figure 5). These studies show how the UV and
ECD Cotton bands appearing at ca. 400 and 450 nm are
affected by the orientation of the diphenylacetylene m.r.u.
and not just because of the polyene.

Interestingly, Kwak and co-workers found that a new
ECD active signal could appear in the spectra of an
asymmetric PDPA when measured in film or aggregated
state. This band appears at ca. 450 nm, has the same sign as
the Cotton band at 400 nm and was associated to a
longitudinal coupling between polyene chains.[88,89]

Thus, we explored different solvents to try to study this
ECD band further, choosing those where poly-(S)-2 shows

Figure 4. a) 3D structure of poly-(S)-2, AFM image of poly-(S)-2 after
annealing in DMF and CD/UV spectra of poly-(S)-2 before and after
annealing, c=0.5 mgmL� 1. b) Comparison between the experimental
and theoretical ECD spectrum obtained for poly-(S)-2. c) Dihedral
angles for the 12-mer oligomer used to compute the theoretical
spectra.
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poor solubility and appears as a dispersed aggregate. Of the
different poly-(S)-2 (0.5 mgmL� 1) solutions tested, only the
MeCN solution was found to produce an ECD signal at
450 nm after annealing at 80 °C for 4 h.

In this solvent, the PDPA shows a negative Cotton band
at 400 nm indicative of a P/M/M (helix 1/helix 2/helix 3)
helical scaffold. Interestingly, AFM studies of poly-(S)-2,
prepared in MeCN, showed the presence of superhelices
that have a helical pitch of 14 nm and a width of 8 nm,
parameters that correspond to a bundle of PDPA helices
(Figures 6a–c).

Additionally, controlled nanoprecipitation[107,108] studies
of poly-(S)-2 in a THF/H2O 1/1 v/v ratio were carried out to
generate nanospheres that can produce this new ECD band
at 450 nm due to the aggregation of poly-(S)-2. As expected,
ECD studies of these nanospheres dispersed in THF/H2O
(Figure 6d–f) show again the presence of this new ECD
band, which therefore can be attributed to an interaction
between different PDPA chains, and more precisely, to a
longitudinal coupling between asymmetric contributions of
the polyene and the aryl rings as extracted from computa-
tional studies (Figure 5).

Dynamic Behavior of Asymmetric PDPAs

Once the helical structure of an asymmetric PDPA (i.e.,
poly-(S)-2) was puzzled out by the different structural
techniques, the stimuli-responsive properties of poly-(S)-2,
and therefore its dynamic behavior, were studied. In this
case, the variation of the helical structures with solvents was
analyzed after annealing at 80 °C for 4 h (Figure 7a).
Interestingly, it is possible to observe the dynamic behavior
of a chiral and asymmetric PDPA. This dynamic behavior
was found before in achiral PDPAs bearing a para-benzoic
group and where the sense can be enhanced towards P or M
senses by interaction with the two enantiomers of a chiral
amine.[79]

VCD studies were carried out to demonstrate that the
helix inversion is associated to a conformational change at
the pendant group. So, VCD spectra of poly-(S)-2 in both
CDCl3 and DMSO-d6 show activity in the carbonyl finger-

print region (Figure 7d). More precisely, the C=O stretching
bands of the amide and the ester groups, 1650 and

Figure 5. a) Comparison of calculated and experimental ECD and UV/
Vis spectra of a 12-mer oligomeric PDPA model. b) Electron density
differences of transitions responsible of UV and ECD bands at 400 and
450 nm.

Figure 6. a) Conceptual representation of the superhelix formation.
b) AFM image and height profile of the superhelical assemblies
generated by poly-(S)-2 during its annealing in MeCN. c) Comparison
of the ECD spectra of poly-(S)-2 in DCM (good solvent, non-aggregated
state) and after annealing in MeCN (bad solvent, aggregated state)
displaying the new low-energy ECD active band due to the formation of
supramolecular aggregates. d) Comparison of the ECD spectra of poly-
(S)-2 in THF (good solvent, non-aggregated state) and THF/H2O (1/1)
(nanoprecipitated state) displaying the new low-energy ECD active
band due to the formation of nanospheres. e) SEM image of the
nanospheres generated by nanoprecipitation. f) DLS traces monitoring
the nanoprecipitation process.
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1750 cm� 1, respectively, show positive bands in CDCl3
[ECD-, P/M/M (helix 1/helix 2/helix 3)] and negative ones in
DMSO-d6 [ECD+ , M/P/P (helix 1/helix 2/helix 3)] which
are ascribed to anti and syn conformations at the pendant
group respectively, as inferred from VCD theoretical
calculations of the monomeric unit in both conformations
(Figures 7c, f).

One of the most interesting features of PDPAs is that
after adopting a screw sense excess, they result in circular

polarized luminescent (CPL) active materials.[109,110] This
unique property has found many applications in different
cutting-edge fields such as security encoding[111] or CP-
OLEDs among many others.[112] Consequently, CPL studies
were carried out for poly-(S)-2 in P, rac and M helical states
exhibiting P, null and M CPL activity respectively (Fig-
ure 7b). The CPL sign is, as expected, coincident with that
of the high energy band in the ECD spectra, indicating that
a CPL (+) is due to a M/P/P (helix 1/helix 2/helix 3)
arrangement, while a CPL (� ) is ascribed to a P/M/M (helix
1/helix 2/helix 3) helical orientation.

Moreover, recently experimental, and computational
CPL studies support the trans-transoidal structure for
PDPAs.[113] The poor conformational flexibility in the
polyene of PDPAs creates a reversing in the excited energy
levels that permit an electronically dipole-allowed transition
resulting in emissive materials, such as is observed here in
poly-(S)-2. However, in the case of PPAs the emissive form
of the helical scaffold is when the polyene backbone adopts
just a cis-cisoidal configuration.[113]

The CPL emission was gauged by the dissymmetric
factor defined as jglum j =2(IL� IR)/(IL + IR), being IL and IR
the left- and right-handed luminescent emissions respec-
tively. In both cases a maximum glum value of ca. + /� 1×10� 3

at 520 nm was obtained, with quantum yield values of φ=26
and of φ=44 for the CHCl3 and DMSO solutions respec-
tively. To the best of our knowledge, this system represents
one of the few examples where the CPL sign can be
switched,[114] paving the way to the design of new stimuli-
responsive CPL active materials with enhanced properties
and applications.

Conclusion

In summary, the combination of data collected from differ-
ent structural techniques allowed us to build an approxi-
mated structure for an asymmetric PDPA prepared by
polymerization with WCl6/Ph4Sn of a diphenyl acetylene
monomer substituted with an active pentafluorophenyl ester
(PFP) group. This polymer was further transformed into a
chiral polymer by a post-functionalization reaction that
incorporates L-alanine methyl ester into the pendants. To
elucidate the secondary structure of the polymer, Raman
and IR spectroscopies were used to discern between Z and
E configurations of the double bonds. In this case, the
polymer adopts mainly a trans configuration of the double
bonds. 1D and 2D NMR experiments helped us to elucidate
the regioregularity of the polymer, indicating a preferred
head-to-tail polymerization reaction. AFM studies provided
useful information related to different helical structural
parameters such as helical pitch, packing angle and the
orientation of the external helix described by the pendant
groups. The use of molecular modelling, together with the
constrains provided by the results of IR, Raman, NMR and
AFM studies allowed us to build an approximate secondary
structure for this polymer. Thus, poly-(S)-2 adopts a
preferred trans-transoidal helical scaffold that is formed by
three different helices. Helix 1, described by the orientation

Figure 7. a) Photographs of poly-1 and poly-(S)-2 under room light and
UV-light. b) ECD and UV spectra of poly-(S)-2 in different solvents
(0.5 mgmL� 1, 1 mm path). c) CPL spectra of poly-(S)-2 (λExc=365 nm,
0.3 mgmL� 1). d) Schematic illustration of the solvent-triggered con-
formational change in the pendant group that promotes helix inversion.
e) Experimental VCD spectra of poly-(S)-2 in CDCl3 and DMSO-d6.
f) Calculated VCD spectra of the monomeric units with anti and syn
conformations. g) Optimized structures of the monomeric DPA units
with anti and syn conformations employed to obtain the theoretical
spectra depicted in (f).
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between conjugated double bonds; helix 2, described by the
pendant groups; and helix 3, described by a twisting degree
of the whole polymer chain and observed when the polymer
grows. Computational studies on the model compound
result in a theoretical ECD spectrum that resembles the
experimental one and that allows us to demonstrate that in
an asymmetric PDPA, the sign of the first Cotton band is
ruled by helices 2 and 3, and not just by the orientation of
the polyene backbone. Moreover, the present study also
made it possible to explain why in different aggregation
states, such as superhelices or nanospheres, a new ECD
band appears because of a longitudinal coupling between
polymer chains. Additionally, this work reveals the dynamic
behavior of poly-(S)-2 and shows how P or M helical senses
can be induced by conformational changes at the pendant
groups using external stimuli such as solvent donor ability,
fact corroborated by a combination of VCD experiments
and theoretical calculations. Finally, associated to this
dynamic helical behavior, a dynamic circular polarized
luminescence switch with a jglum j = + /� 1×10� 3 was ob-
tained for poly-(S)-2, where a CPL (+) is produced by a M/
P/P (helix 1/helix 2/helix 3) arrangement generated in donor
solvents, while a CPL (� ) is ascribed to a P/M/M (helix 1/
helix 2/helix 3) helical orientation produced when poly-(S)-2
is annealed in non-donor solvents.

The elucidation of the three-dimensional structure of a
PDPA opens a new horizon in the development of func-
tional materials due to the possibility of establishing
structure/function relationships that can result in an im-
provement of the functionality of the polymer through a
directed tuning of its secondary structure.
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