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Poly(phenylacetylene)s (PPAs) bearing para-substituted anilide pendant groups are sensitive to the pres-
ence of oxidizing metal ions such as Cu?*, Hg?*, Fe®*, Au®* or Ce** due to a redox reaction between the
anilide-PPA and the metal ion. Using a library of six different PPAs containing diverse chiral pendant
groups connected to the PPA backbone through the N (anilide) or C (benzamide) atoms of an amide
group used as a linker, it was found that anilide-PPAs are sensitive to oxidizing metal ions. In these poly-
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mers, and through a redox reaction, a radical species is delocalized along the polyene backbone, resulting
in a color change of the solution from yellow to blue. UV-Vis, ECD, IR, EPR, XPS and computational
studies were carried out to demonstrate the electron transfer from PPA to the oxidizing metal once the
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Dynamic helical polymers, such as poly(phenylacetylene)s
(PPAs),"* are macromolecular helical switches whose P or M
helical sense and elongation can be modulated by the pres-
ence of external stimuli such as pH, temperature, chiral addi-
tives, and anions among others.’>*® Other interesting external
stimuli to play with the dynamic response helical polymers are
metal ions."® Heavy metal contamination of water and soil is a
major problem found worldwide, which is associated with
severe health problems. Thus, over the last few years several
analytical methods have been used to detect and remove these
metals.>*>? Helical polymers such as PPAs have been designed
to interact with these chemical agents to form helical polymer-
metal complexes (HPMCs), where coordination of the metal
ions with the pendant groups can occur in different ways:
coordination and chelation. As a result, various conformations
in the pendant can be stabilized either by a single metal under
various conditions or by different metals, giving rise in one
case or the other to the selective adoption of a P or M helical
structure with different degrees of stretching. Moreover, it is
also possible to play with the translocation of the metal in the
pendant group by tuning the oxidation state of the metal,
which can also lead to helical structural changes (sense and
elongation). HMPCs have been used not only to detect metals
or tune the helical structures of PPAs but also to create nano-
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metal coordinates with the anilide of the polymer.

spheres and PPA@metal nanoparticle (MNP) nanocomposites
with dynamic macroscopic chiralities.**">® The selective P or M
screw sense induction of PPAs by different metal ions has
been used to create a three-state switchable chiral stationary
phase, where by using a single chiral column (stationary
phase) and different metal ion salts in the mobile phase it is
possible to change the retention time of different racemates
depending on the helical sense adopted by the PPA.*’
Moreover, PPAs have been also employed as chiral catalysts in
asymmetric synthesis.>®>°

In this work we want to explore the interactions of PPAs
with oxidizing metal ions such as Cu®*", Hg**, Fe*", Au** and
Ce"" and where the PPA should act as a reducing agent. These
metals, e.g. Hg?*, Cu®>" or Fe*®, are associated with health pro-
blems such as impaired mental and neurological functions
(Hg?"),**3" Alzheimer’s disease, gastrointestinal problems and
osteoporosis (Cu®"),*>** and respiratorial, nervous system or
reproductive or digestive system problems (Fe**).>*3*

From the literature, it is known that PPAs can produce
radical species along the polymer backbone®*™° when sub-
jected to high pressures®® or mechanochemical grinding.*’
Hence, we hypothesized that PPAs containing a suitable
pendant group can interact with oxidizing metals to form a
PPA radical cation that can be further delocalized along the
polyene backbone. To perform these studies, a library of six
different chiral PPAs (Fig. 1) was chosen due to their stimuli-
responsive properties towards metal ions. Thus, while in the
case of poly-(4-6) the P/M helical sense can be controlled by
the presence/absence of metal ions, regardless of the valence
of the metal ion, poly-1 can adopt a P or M helix in the pres-
ence of metal ions with different valences (Fig. 2).">'® Poly-
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Fig. 1 Chemical structures of (a) anilide- and (b) benzamide-PPAs.
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Fig. 2 Stimuli-responsive helical behavior of (a) poly-(S)-4 and poly-
(R)-1 in the presence of 0.1 equivalents of metal ions.
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(1-6) polymers were prepared according to the literature. Vials
containing solutions of poly-(1-6) in THF (concn = 0.1 mg
mL™") were then prepared and 1 equiv. of Fe(ClO,); (10 mg
mL~", THF) was added to each. Interestingly, vials containing
anilide-PPAs, poly-(1-3), immediately showed a color change
from yellow to deep blue. The other vials containing benz-
amide-PPAs [poly-(4-6)] did not show any color change after
the addition of Fe(ClO,)s;.

This color change was ascribed to the presence of a deloca-
lized radical ion along the polyene chain. IR studies revealed,
as expected, the coordination of Fe®* ions with carbonyl

groups (Av = 10ecm™1) (Fig. S77).
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The existence of the radical ion was inferred from EPR
studies (THF), which show a broad signal with a g value of
2.0039 confirming the presence of organic free radicals
(Fig. 3b). UV-Vis studies (THF) show the disappearance of the
polyene band at ca. 400 nm and the generation of a new band
at ca. 600 nm (Fig. 3c). This band corresponds to a delocaliza-
tion of the radical along the polyene backbone which is
accompanied by an irreversible cis-to-trans isomerization of
the double bonds (Fig. 3a). As a result, the helical structure of
anilide-PPAs is lost, which can be monitored by ECD in those
chiral anilide-PPAs that show a screw sense excess, such as
poly-(2-3), where the ECD signal disappears once Fe*" is
added (Fig. 3e and S13%).
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Fig. 3 (a) Conceptual illustration showing the formation of a poly-(R)-
1/Fe** complex and the delocalized radical along the backbone. (b) EPR
studies of poly-(R)-1 and poly-(R)-1/Fe** complex in a 1.00/0.01 (mol/
mol) ratio (THF). (c) UV-Vis studies of poly-(R)-1 and a poly-(R)-1/Fe>*
complex in a 1.00/0.05 (mol/mol) ratio [poly-(R)-1] = 0.1 mg mL™*, THF.
(d) XPS studies of Fe(ClO,),, Fe(ClO,)s and poly-(R)-1/Fe** complex indi-
cating the presence of Fe2* after the oxidation of Fe**. (e) CD experi-
ments of poly-(R)-2 and a poly-(R)-2/Fe** complex in a 1.00/0.50 (mol/
mol) ratio.
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Fe*" is a strong oxidizing agent,*"** so, to confirm that a
redox process is taking place between the anilide-polymers
and the Fe®' ions, X-ray photoelectron spectroscopy (XPS)
studies were carried out to determine the oxidation state of the
iron before and after the addition of an anilide-polymer. As a
control, XPS studies were carried out on commercially avail-
able iron salts—Fe(ClO,); and Fe(ClO,),—to obtain the XPS
spectra of the oxidation states of Fe** and Fe®*. Next, XPS
studies were performed for the poly-(R)-1/Fe** complex.
Interestingly, the spectrum matches that obtained for Fe
(ClOy),, indicating that Fe** is reduced to Fe** after complexa-
tion with the anilide-polymer (Fig. 3d) generating a radical
cation in the polymer.

To demonstrate that the oxidizing metal ion (Fe*") and an
anilide-PPA are necessary to trigger the redox process, the
same experiment was performed for the M-(R)-1 monomer.
Thus, Fe(ClO,4); was added to a THF solution of M-(R)-1, which
does not produce any color change in the solution. Moreover,
EPR studies confirm the absence of radical species in a THF
solution of the M-(R)-1/Fe** complex (Fig. $191). This study
indicates that the redox reaction is not triggered by the anilide
group itself, and it needs to be linked to a phenylacetylene
backbone.

Next, to determine the role of the anilide-connector in the
redox reaction between an anilide-PPA and Fe®* ions, we pro-
ceeded towards methylating the amide group of poly-(R)-1
obtaining poly-(R)-7 (see the ESIT for details of the synthesis).
The addition of 1 equiv. of Fe(ClO,); (10 mg mL™", THF) to a
THF solution of poly-(R)-7 (concn = 0.1 mg mL™') did not
produce any color change in the polymer solution (Fig. 4a and
c). IR studies indicate coordination of the metal ion to the car-
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Fig. 4 (a) llustration showing the formation of a poly-(R)-7/Fe**
complex. (b) UV-Vis studies of poly-(R)-1 and a poly-(R)-1/Fe** complex
[poly-(R)-1] = 0.1 mg mL™%, THF. (c) Images of vials containing solutions
of poly-(R)-7 and a poly-(R)-7/Fe>* complex in THF. (d) FT-IR spectra of
poly-(R)-7 and poly-(R)-7/Fe(ClO,)s.
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bonyl group due to a shift in the carbonyl band
(AP(co) = 50 cm ™) (Fig. 4d). Moreover, EPR studies for a THF
solution of poly-(R)-7/Fe*" did not show the presence of radical
species in the solution (Fig. S18}) and UV-Vis studies did not
show any effect on the polyene band at ca. 400 nm (Fig. 4b),
which confirms the absence of a radical cation delocalized
along the polyene backbone. These studies indicate that the
redox process between an anilide PPA and the Fe®" ions is trig-
gered by a synergistic effect between the anilide group used as
a pendant and the PPA backbone, and not by just one of these
two components of the helical polymer.

Thereafter, to determine the role of the anilide/Fe*" inter-
action in the redox reaction, we added the oxidant metal ion
salt to solutions of poly-(R)-1 in non-coordinating and coordi-
nating solvents such as CHCl; and DCM or DMF and DMSO,
respectively. From these studies it was observed that a color
change from yellow to blue also takes place in the presence of
non-coordinating solvents, while in coordinating solvents no
color changes are observed due to the lack of interaction
between the polymer and the metal ion (Fig. S61). These
studies confirm that coordination between the anilide and the
oxidizing metal ion is necessary to activate the redox reaction.
The use of other oxidizing molecules such as hydrogen per-
oxide does not produce any effect on the polymer, indicating
the need for interaction between the oxidizing agent and the
polymer to trigger the redox reaction (see the ESIT).

Afterwards, theoretical calculations were carried out to cor-
roborate the cis to trans isomerization of the double bonds and
the consequent delocalization of the cation radical in the
polyene backbone. Thus, DFT calculations—using the uB3LYP
functional and the 6-31G* basis set with charge 1+ and
doublet multiplicity—were performed first using the
Gaussian16 software on an n = 8 oligomer of poly-(R)-1 with a
trans-configuration of double bonds. Analogous calculations
were carried out for an n = 9 oligomer of poly-(R)-1 with a cis-
configuration of double bonds (see the ESIT). Spin density and
SOMO show that the cation radical delocalizes from the
pendant to the polyene backbone in the trans isomers (Fig. 5a
and S26, S271). On the other hand, the spin density of the cis-
isomer isolates the radical at one edge of the oligomer,
without delocalization (Fig. $251).***® TD-DFT calculations
were then run to simulate the UV-Vis spectra using the u/
rCAM-B3LYP functional and the 6-31G* basis set from the opti-
mized geometries in DFT (see the ESIt). As expected, the
experimental absorption band of the radical cation at 600 nm
coincides with the calculated one (Fig. 5c). Furthermore, EPR
calculations performed in Orca software using the UKS B3LYP
functional and the EPR-II basis set predicted the same g values
and EPR spectra as the experimental ones (Fig. 5b and S26%).

Finally, to extend the stimuli-responsive behavior of anilide-
PPAs to other oxidizing metal ions, metal salts containing oxi-
dizing metals such as Cu**, Hg>", Au®* and Ce*" were added to
THF solutions of poly-(R)-1 (0.1 mg mL ™). In all cases, a color
change from yellow to blue was observed with the appearance
of a new band in the UV-Vis spectra at ca. 600 nm, confirming
the presence of a delocalized radical cation along the polyene

Nanoscale, 2025,17, 4439-4443 | 4441
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Fig. 5 (a) Spin density of a radical cation oligomer with a trans-cisoidal
structure. (b) Comparison between the experimental EPR of poly-(R)-1/
Fe** and that calculated for the trans-cisoidal oligomer. (c) Simulated
UV-Vis spectra of the neutral cis-cisoidal oligomer and the radical cation
trans-cisoidal oligomer. Transition attributed to the band at ca. 700 nm
in the radical cation trans-cisoidal oligomer.
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Fig. 6 (a—c) UV-Vis of poly-(R)-1 (0.1 mg mL™%, THF) in the presence of
different equiv. of Cu(ClO4),, Fe(ClO4)z, Hg(ClO4),, and AuCls (10.0 mg
mL™? and 1.0 mg mL™%, THF) or (NH,),[Ce(NOs)¢l (10.0 mg mL™ and
1.0 mg mL™%, MeOH). (d) Image of vials containing different THF solu-
tions of several poly-(R)-1/M?* complexes at different mol/mol ratios.
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backbone. Again, these results show that anilide-PPAs are sen-
sitive to the presence of oxidizing metal ions (Fig. 6a-d and
S10, S11%). Titration experiments of a THF solution of poly-(R)-
1 with different equivalents of metal salts containing Cu®",
Hg>", Au®* or Fe** were performed to obtain the limit of detec-
tion (LOD) of the different poly-(R)-1/M"" complexes
(Fig. S117). From these studies, the following LOD values were
found when the concentration of poly-(R)-1 was 0.1 mg mL ™"
THF: 2.37 ppm for poly-(R)-1/Cu®; 8.41 ppm for poly-(R)-1/
Hg”*; 1.65 ppm for poly-(R)-1/Au®" and 1.32 ppm for poly-(R)-1/
Fe" (see Fig. S28 and Tables S1, S27).

In conclusion, we have shown that anilide-PPAs are sensi-
tive to the presence of oxidizing metal ions such as Cu**, Hg*",
Fe*", Au® and Ce"". The coordination of the metal ions with
the carbonyl group of the anilide is accompanied by an oxi-
dation of the PPA, which produces a radical cation that deloca-
lizes along the polyene backbone (PPA™), while the metal ion
is reduced. Delocalization of the polyene radical generates an
irreversible cis to trans isomerization of the double bonds that
results in the loss of the helical structure.

Furthermore, this delocalization of the radical cation along
the polyene gives rise to an observable and effective colori-
metric response from a yellow to deep blue solution.
Therefore, dynamic helical polymers, such as anilide-PPAs,
can be considered multi-stimuli-responsive materials that can
respond differently to various families of metal ions. For
instance, poly-(R)-1 adopts an M helix in the presence of mono-
valent metal ions, a P helix with divalent metal ions, and has a
colorimetric response when interacting with oxidizing metal
ions. This work should therefore be inspiring for scientists
working with stimuli-responsive materials, where a single
design can sense diverse stimuli in different ways.
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