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Abstract: Helical polymers such as
poly(phenylacetylene)s (PPAs) are interesting materials
due to the possibility of tuning their helical scaffold
(sense and elongation) once they have been prepared
and by the presence of external stimuli. The main
limitation in the application of PPAs is their poor
photostability. These polymers degrade under visible
light exposure through a photochemical electrocycliza-
tion process. In this work, it was demonstrated, through
a selected example, how the photochemical degradation
in PPAs is directly related to their dynamic helical
behavior. Thus, while PPAs with dynamic helical
structures show poor photostability under UV/Vis light
exposure, poly-(R)-1, bearing an enantiopure sulfoxide
group as pendant group and designed to have a quasi-
static helical behavior, shows a large photostability due
to the restricted conformational composition at the
polyene backbone, needed to orient the conjugated
double bonds prior to the photochemical electrocycliza-
tion process and the subsequent degradation of the
material.

Dynamic helical polymers such as poly(phenylacetylene)s
(PPAs) have attracted the attention of the scientific
community due to their stimuli responsive properties.[1–12]

Thus, modulation of either the helical sense[13–19] and/or
elongation[20–28] of a PPA is possible by using different
external stimuli such as metal ions,[13,29,31,32] chiral
molecules,[33] temperature,[34–36] solvents,[37–41] or anions.[42–44]

However, the industrial application of these polymers as
chiral stationary phases,[45,46] chiral recognition reagents,[47–50]

or as dynamic chiral ligands in asymmetric synthesis[51,52] is
reduced due to their poor thermal or light exposure
stability.[53–57]

On the other hand, static helical polymers, although they
do not show stimuli-responsive properties, have important
applications in fields such as chiral recognition, chiral
stationary phases, or chiral catalysts among others,[1] due to
the robustness and folding degree of the helical scaffold that
is not perturbed by environmental conditions. A great
challenge for the scientific community is to create dynamic
or static helical polymers using the same polymeric material,
where the advantages of both, dynamic and static helical
polymers can be compared.

Recently, our group found that the stability of PPAs
under light exposure is directly related to the elongation
degree of the polyene backbone,[58] which is defined by the
dihedral angle between conjugated double bonds (ω1). Thus,
compressed cis-cisoidal PPAs (ω1<90°) show lower stability
than extended cis-transoidal PPAs (ω1>90°). This fact
makes possible not only to distinguish between compressed
and extended helical structures but also to estimate a value
for ω1 in a PPA with unknown secondary structure. In
addition, these studies also revealed that in extended almost
planar structures (ω1>170°), the dynamic behavior of the
PPAs is dramatically reduced due to their restricted
conformational freedom at the pendant group caused by
steric effects—e.g. ortho substituted PPAs—, resulting in a
null isomerization of conjugated double bonds under light
exposure.

In this work, we want to go a step forward and establish
a relationship between the dynamic behavior of a PPA and
its stability, which should be applied to all the PPA helical
scaffolds and not only to the highly stretched ones (ω1>
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170°). To do that, it is necessary to prepare a PPA that
comprises two requirements: 1) a “quasi static” behavior
and 2) a helical scaffold where the dihedral angle between
conjugated double bonds is lower than 170° (ω1<170°),
scaffolds that are known to be effectively affected by light
when the PPA is dynamic. In such system (PPA with quasi-
static behavior and ω1<170°), it should be possible to
determine if the dynamic helical character of the PPA
affects to its stability under light exposure. To create a PPA
that comprises these two features, it is necessary to make a
rational monomer design. Thus, we envisioned monomer
mono-(R)-1 as a potential candidate to generate a PPA that
adopts a helical scaffold with a quasi-static behavior (Fig-
ure 1a). This sulfynilarene was previously used as source of
chirality in ortho-phenylene ethynylene (o-OPE) foldamers,
allowing an efficient transfer of chirality to the helically
folded o-OPE, leading to electronic circular dichroism
(ECD), circularly polarized luminescence (CPL)- and vibra-
tional circular dichroism (VCD)-active compounds.[59–61]

Based in our expertise in the field of helical polymers
and sulfinyl arenes, we foresee that polymerization of para-
sulfynilaryl acetylene monomer (R)-1 will generate a PPA
that comprises the desired requirements, helical structure
with ω1<170° and quasi-static behavior. The chiral sulfoxide
group present in 1 is a medium size pendant group and

presents the ability to favor a single conformation, thanks to
the vicinal disposition of the methoxy group,[62] fact that
should enhance its power as helical inductor and promote
the formation of a helical scaffold with a ω1<170°. There-
fore, it is expected that the orientation of the chiral pendant
group respect to the polyene along the helical scaffold will
be the same, producing an effective transfer of chirality
from the enantiopure sulfoxide used as pendant to the
polyene backbone.

To test our hypothesis, monomer (R)-1 was prepared
accordingly to a previously reported method.[59,62] X-ray
diffraction series (XRD) of mono-(R)-1 crystals obtained
from a chloroform solution showed the presence of a
preferred conformer where the sulfoxide group is oriented
towards the phenylacetylene group, placing the oxygen
group oriented planar towards the H at ortho position of the
aryl ring (O� S� C� C angle=13°) (Figure 1b).[63]

Electronic circular dichroism studies of mono-(R)-1 in
different solvents reveal a restricted conformational compo-
sition, where the ECD trace is not affected by either the
polarity or the donor character of the solvent (Figure 1d).
Moreover, the p-tolyl group is arranged almost perpendicu-
lar to the plane formed by the phenylacetylene and the
methoxy groups (C� C� S� C dihedral angle of 84°), avoiding
the repulsions between methoxy and sulfoxide groups (Fig-
ure 1a), and generating a chiral distribution between planes,
which results in a strong absorption on CD and UV/Vis
around 330 nm (Figure 1c,d).

Theoretical ECD calculations, time-dependent density
functional theory (TD-DFT) was used together with a
rCAM-B3LYP density functional and 6-31G* basis set (TD-
DFT(rCAM-B3LYP)/6-31G*), were performed on the mo-
lecular structure obtained from X-ray studies. The simulated
ECD spectrum is in good agreement with the experimental
one obtained in all the different solvents tested indicating
that mono-(R)-1 adopts, as expected, the same conformation
in solution that in the solid state (Figure 1e).

Next, mono-(R)-1 was polymerized using [Rh(nbd)Cl]2
as catalyst (nbd=2,5-norbornadiene), affording poly-(R)-1
in good yield (66%, Figure 2) and with a high content of cis
configuration of the double bonds as inferred from 1H NMR
and Raman studies (see Supporting Information for exper-
imental details and characterization data). The number-
average molecular weight (Mn=88701) and distribution
(Mw/Mn=2.15) of the oligomers were determined by gel
permeation chromatography (GPC) using THF as eluent
with polystyrene standards as calibrants (see Supporting
Information).

ECD and UV studies of poly-(R)-1 were carried out in
different solvents with different polarity and donor character
to determine if poly-(R)-1 adopts a helical structure with a
preferred helical sense and tunable scaffold (Figure 2). In all
solvents tested an ECD trace with and intense negative
Cotton in the less energetic band indicates an M helical
orientation of the polyene backbone (Figure 2b, c). More-
over, comparison of the mono-(R)-1 and poly-(R)-1 ECD
and UV spectra show that the Cotton bands of the
monomers are preserved in the PPA where two consecutive
negative Cotton bands at ca. 260 and 310 nm are present.

Figure 1. a) Chemical structure and b) X-ray of mono-(R)-1. c) Exper-
rimental ECD and UV spectra of mono-(R)-1 in CHCl3. [mono-(R)-
1]=0.3 mgmL� 1. d) Experimental ECD and UV spectra of mono-(R)-1
in different solvents ([mono-(R)-1]=0.3 mgmL� 1). e) Comparison of
calculated and experimental ECD spectra of mono-(R)-1 in CHCl3.
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The hypsochromic shifting of the ECD band at 310 nm (330
in monomer) is due to the overlapping with other Cotton
effects present in the polymer, such as the classical
alternating � /+ /� or + /� /+ Cotton bands usually found in
PPAs.[64] Moreover, this overlapping of Cotton effect affects
not only to the wavelength of the peaks but also to their
intensity. In this case, the intensity of the Cotton bands
related to the pendant group have similar intensity while in
the monomer the UV band at 301 nm is four times the band
at 260 nm.

Apart from these two bands, a new ECD/UV band
appears at ca. 400 nm. ECD and UV/Vis experiments show
that this band suffers a bathochromic shift of ca. 30 nm
when is dissolved in DCM or CHCl3 (430 nm) respect to the
value obtained in THF or dioxane (400 nm) (Figure 2b,c).
Therefore, the polymer adopts a more compressed helical
scaffold (ECD400<0) in THF or Dioxane than when is
dissolved in DCM, CHCl3, DMF or DMSO (ECD430<0).
Moreover, the absorbance of the yellowish polyene solution
at wavelengths lower than 500 nm indicates that the
poly(phenylacetylene) backbone does not adopt a highly
extended, almost planar, helical scaffold, which usually
shows a reddish color solution with a maximum of the
polyene band at>500 nm.[65,66]

To determine an approximated tridimensional structure
for poly-(R)-1 in CHCl3 and THF, AFM studies were carried
out. Thus, 2D crystals of poly-(R)-1 were prepared following

of Yashima’s protocol which consist in spin coat a dilute
solution of the polymer onto a highly oriented pyrolytic
graphite (HOPG) substrate and leave the sample under
solvent atmosphere for 12 h.[66] As a result, well-ordered 2D
crystals of poly-(R)-1 were obtained in both solvents, which
allowed to obtain high-resolution AFM images for poly-(R)-
1 in CHCl3 and THF. From these images is possible to
extract important helical parameters such as the orientation
of the helical structure described by the pendant groups or
the helical pitch. In PPAs, the helical scaffold is defined by
two coaxial helices. A helical structure is described by the
polyene backbone, denoted as internal helix (Hint), whose
helical sense can be determined by the sign of the Cotton
bands associated to the polyene band—ECD<0, Mhelix;
ECD>0, Phelix—, and an external helix (Hext) defined by the
pendant groups whose orientation can be determined from
AFM studies (Figure 3a,b).

As it was mentioned above, ECD studies showed that
the internal helix of poly-(R)-1 is oriented describing an M
helix due to the presence of a negative Cotton band at ca.
400 nm in THF and at ca. 430 nm in CHCl3. In addition,
AFM images for poly-(R)-1 in CHCl3 revealed a right-
handed orientation of the external helix, which is opposite
to the orientation of the internal helix. These data corre-
spond to a cis-transoidal polyene skeleton with ω1>90°.
With the aim of refining the helical scaffold adopted by

Figure 2. a) Polymerization scheme of mono-(R)-1. ECD spectra of
poly-(R)-1 in b) dioxane and THF or in c) DMF, DMSO, DCM and
CHCl3. UV/Vis spectra of poly-(R)-1 in d) dioxane and THF or in
e) DMF, DMSO, DCM and CHCl3. [poly-(R)-1]=0.3 mgmL� 1.

Figure 3. a) 3D structure adopted by poly-(R)-1 in CHCl3. b) AFM image
of a 2D crystal of poly-(R)-1 prepared in CHCl3. c) Theoretical and
experimental ECD spectra of poly-(R)-1 (normalized at 430 nm). [poly-
(R)-1]=0.3 mgmL� 1.
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poly-(R)-1, another helical parameter such as the helical
pitch of ca. 5.1 nm, obtained from the AFM, was introduced
into the modelling studies. The helical scaffold that satisfies
the two structural data, ω1>90° and helical pitch of ca.
5.1 nm, is a helix with ω1= � 165°.

Computational studies [TD-DFT(rCAM-B3LYP)/3-
21G*] were performed on an M helix (n=8) of poly-(R)-1-
cis-transoidal skeleton (ω1= � 165°). In this model, the chiral
moiety was introduced into the conformation obtained from
X-ray studies. The simulated ECD spectrum is in good
agreement with the one obtained experimentally, reproduc-
ing all the ECD bands and their relative intensity (Fig-
ure 3c).

On the other hand, AFM studies for poly-(R)-1 in THF
showed fiber like structures with a right-handed orientation
of the external helix (Figure 4a). From these images it is not
possible to extract helical parameters such as the helical
pitch because bundled helical nanostructures rather than
individual helices are visualized. Thus, to build up an
approximated structure for poly-(R)-1 in THF it was
considered that the polyene scaffold is compressed when
compared to the helix adopted in CHCl3 (ω1= � 165°) due to
the hypsochromic effect observed in the polyene band.
Hence, molecular mechanics studies (MMFF94) were done
to optimize the geometry of poly-(R)-1 with ω1< � 165°, and
where the calculated and the experimental ECD spectra
show a good fit (Figure 4c). In this case, it was found that
computational studies [TD-DFT(rCAM-B3LYP)/3-21G*]
on an M helix (n=8) of poly-(R)-1 cis-transoidal skeleton,
with a dihedral angle between conjugated double bonds of

ω1= � 157°, produces a ECD trace that shows a good fit with
the experimental one.

Finally, photostability studies were carried out for both,
compressed, and stretched helical scaffolds (Figure 5a,b).
As expected, the two helices show a strong photostability,
inferred from ECD studies that show how the ECD traces
remain almost unaltered even after 240 min of irradiation
with visible light. This is attributed to the quasi-static
behavior of the PPA and not to the electronic properties of
the sulfoxide group. In literature, it is found that PPAs
bearing a sulfoxide group at para position show a cis- to
trans- isomerization of double bonds due to delocalization of
radicals generated at the polyene, which can migrate to the
sulfoxide group, producing the loss of its chirality.[30]

In addition, thermal stability studies of poly-(R)-1 in
CHCl3 and THF reveal also the poor dynamic character of
the PPA and its correlated high thermal stability (Fig-
ure 5c,d). In both solvents, the ECD trace obtained for
poly-(R)-1 is not affected by temperature changes, either by
cooling down or heating up the cuvette containing a solution
of the polymer. These results indicate that once the polymer
is dissolved in a certain solvent, the helical folding is not
perturbed by temperature changes.

In conclusion, it has been demonstrated through a
rational design that photostability of PPAs is directly related
to its dynamic behavior. Thus, those PPAs with a high
dynamic behavior, whose helical sense or elongation can be
altered by the presence of external stimuli are more prompt
to degrade under light exposure due to photoisomerization
of the double bonds that end up with a photochemical
electrocyclization of the polyene backbone. On the other
hand, PPAs with a restricted conformational composition
and therefore a poor dynamic behavior shows a great

Figure 4. a) 3D structure adopted by poly-(R)-1 in THF. b) AFM image
of a 2D crystal of poly-(R)-1 prepared in THF. c) Theoretical and
experimental ECD spectra of poly-(R)-1. [poly-(R)-1]=0.3 mgmL� 1.

Figure 5. Photostability and thermal stability ECD studies of poly-(R)-1
in a,c) CHCl3 and b,d) THF. [poly-(R)-1]=0.3 mgmL� 1; irradiation with
visible light (350–550 nm).
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photostability, being the helical scaffold not affected by
irradiation with UV light. Therefore, dynamic behavior and
photostability in PPAs are compromised, fact that is
necessary to consider in the design and potential application
of PPAs.
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