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Non-symmetric poly(diphenylacetylene)s (PDPAs) show a strong
relationship between the size of the macromolecules and their
electronic circular dichroism (ECD) spectra. Thus, polymers and
oligomers of PDPAs with the same screw sense excess show
opposite ECD spectra. This is due to the complex nature of the
ECD spectra, where the main electronic transitions depend on the
degree of polymerization (DP).

Over the past decades, the synthesis of chiral materials, such
as helical polymers,'™ has attracted worldwide attention due to
their applications in different fields such as chiral recogni-
tion,® catalysis,"" ¢ chromatographic separation'’"*° or circu-
larly polarized luminescence (CPL) active materials.”’”>* In
these systems, the helical structure adopted by the polymer is
responsible for its function. Therefore, to improve the features
of actual materials, or even to prepare novel materials with
better or new properties, it is necessary to have tools that enable
us to elucidate the secondary structure of the polymer and/or to
predict a possible scaffold from a certain monomeric structure.
Thus, the scientific community has devoted great efforts
recently to study the three-dimensional structure of different
families of helical polymers, such as poly(phenylacetylene)s
(PPAs), polyacetylenes (PAs), poly(diphenylacetylene)s (PDPAs)
(symmetric and non-symmetric), poly(isocyanides) and poly-
(isocyanate)s, among others.”*>® Among these macromolecules,
PPAs are a very interesting family of dynamic helical polymers
where the helical sense and/or the elongation can be tuned
selectively using external stimuli.*”**

The helical scaffold of PPAs or PDPAs can be described using
four dihedral angles, w4, w,, w; and w, (Fig. 1a), whose values
can be extracted using a combination of structural techniques
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Fig. 1 Schematic illustration of the main dihedral angles needed to build a
3D model of (a) PPAs and (b) PDPAs. The coaxial helices found in PPAs and
PDPAs are highlighted.

such as ECD, XRD, AFM, computational calculations, UV-vis
spectroscopy, light-irradiation studies, etc.

Interestingly, while PPAs generate a helical scaffold that
consists of two coaxial helices: an internal helix (helix 1) set
up by the polyene backbone and an external helix (helix 2)
formed by the pendants (Fig. 1a), the scaffold of a non-
symmetric PDPA comprises three different helices: helix 1, set
up by the polyene backbone; helix 2, formed by the substituents
of the double bonds, i.e., the two phenyl groups; and helix 3,
generated when the polymer grows (Fig. 1b).

Moreover, due to the presence of a more substituted back-
bone, the dynamic behavior of PDPAs is reduced compared
with that of PPAs that are less substituted. This fact results in

This journal is © The Royal Society of Chemistry 2023
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the greater chemical, thermal and photochemical stability of
PDPAs.*>® In addition, the two aryl rings present in the
monomeric repetition unit (m.r.u.), which is attached to the
conjugated double bonds, provide the polymers with new
properties such as fluorescence and CPL, which open up new
applications for these materials.*>**

This complete replacement of the polyene backbone hydro-
gens with aryl rings in PDPAs provides the models that are used to
determine the helical sense of a PPA, based on electronic circular
dichroism (ECD) data, which is useless for PDPAs. In PPAs, the
first Cotton band of the ECD spectrum is usually attributed to
w4, and corresponds to the orientation of the internal helix,
whereas in PDPAs the first Cotton band provides information
about the orientation of the aryl rings within the helical scaffold
(helix 2),*® which is opposite to the helix described by the polyene
backbone. Therefore, to elucidate the helical sense of a PPA or a
PDPA, different models must be applied.

In the literature, there are few examples where the helical
sense of a dynamical helical polymer is inverted through
changes to its degree of polymerization.*®*” However, herein
we will demonstrate - through a combination of experimental
and theoretical studies - that the first Cotton band in the ECD
spectrum of a PDPA is produced by the contribution of helix 1
and helix 2, which rotate in opposite directions and whose
relative strengths will depend on the size of the polymer. Thus,
while in short oligomers the first Cotton band in the ECD
spectrum will be governed by helix 1, in larger polymers this
Cotton band will be greatly affected by the orientation of
helix 2.

To perform these studies, the PDPAs poly-(1-3), which bear
the p-alanine methyl ester benzamide moiety (poly-1), the
p-valine methyl ester benzamide (poly-2) and the p-leucine
methyl ester benzamide (poly-3) at the para position of one of
the aryl rings, were used as model compounds (Fig. 2a).

First, different batches of poly-PFs were prepared via the
polymerization of perfluorophenyl 4-(phenylethynyl)benzoate
with a mixture of WClg and Ph,Sn used as catalysts (Fig. 2a).*
By using different polymerization conditions it was possible to
generate poly-PFs with different degrees of polymerization that
vary from 19 (oligomer size) to 460 (polymer form) (Table 1), as
inferred from GPC studies (Table 1 and Fig. 2b).***® Next, achiral
poly-PF5 was completely transformed into poly-1, poly-2 and poly-
3 via a post-functionalization method.”® The full derivatization of
poly-PF5 was confirmed by comparing the integrals of the pendant
proton peaks and the poly(diphenylacetylene) backbone at the
'H-NMR spectra. Moreover, the complete post-functionalization
was corroborated by '>F-NMR, where no F signals appeared in the
"9F-NMR spectra of poly-1, poly-2 and poly-3 (see ESIY).

Interestingly, ECD studies carried out on dilute solutions of
poly-1 with a DP ranging from 19 to 460, prepared in DMF and
measured after thermal annealing at 80 °C for 24 h, show a
strong relationship between the ECD signature and polymeri-
zation degree (Fig. 2c). Thus, while oligomers with DP<30
(Table 1, entries a and b) (i.e., poly-(1, and 1)) do not exhibit
ECD spectra in all the tested solvents, poly-1. with DP = 44
(oligomer) shows an ECD (+) signal in DMF, while poly-(14 and 1.)

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Structure of poly-PFs and poly-(1-3). (b) GPC measurements
for poly-PF5(,_¢). (c) ECD spectra of poly-1_e after thermal annealing at
80 °C for 24 h. (d) ECD spectra of poly-(1-3),q) after thermal annealing at
80 °C for 24 h. Portions of the (e) Raman and (f) IR spectra of poly-1( q).
[poly-(1-3)] = 0.5 mg mL~* DMF.

Table 1 Polymerization conditions of diphenylacetylene derivatives con-
taining a pentafluorophenyl moiety?

No. Temp. (°C) Time (h) Yield (%) M,° M,/M,” DP
a 70 20 11 7500 1.2 19
b 70 24 26 9500 1.4 24
¢ 80 24 54 17100 1.8 44
d 90 24 61 39100 2.3 100
e 100 24 80 178700 1.3 460

“ Carried out under nitrogen in toluene with WClg-Ph,Sn as the
catalytic system; [M], = 0.2 M, [cat] = 10 mM, [Ph,Sn] = 20 mM.
b Estimated via GPC in THF based on calibration using polystyrene.

with, respectively, DP = 100 and 460 (polymers) show an ECD (—)
signal in the same solvent (Fig. 2c).

These ECD spectral results indicate that there is a minimum
polymer length necessary to be folded with a certain screw
sense excess. Moreover, by varying the polymer length, ECD
spectra of opposite sign are obtained. The same ECD sign/DP
relationships were obtained for poly-2 and poly-3 (Fig. 2d).

To determine which structural parameters are related to this
ECD spectrum/DP pattern, different structural studies were carried
out. Thus, IR and Raman studies for poly-(1-3).4 show the same
stereoregularity (E configuration) in the double bonds at low and
high DP (i.e., the Raman band ratio at ca. 1585 cm™ /1550 cm ™' is
<1, and the IR band ratio at ca. 1500 cm™ /1450 em ™" is >1),
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indicating that the stereoregularity is not altered by the different
polymerization conditions (Fig. 2e and f).>>** Interestingly, in
the Raman spectra of the polymers poly-(1-3)q), a blueshift of
the conjugated double-bond band is observed when the DP of the
polymer is increased (Fig. 2e and f).°" This is due to the polymer
folding into a helical structure, where the conjugation between
double bonds is reduced. In general, within helical polymers, large
ones are better folded than short oligomers, producing a large
screw sense excess in the ECD spectra. This effect is observed for
poly-(1-3)¢,q) (Fig. 2c, d and ESI), where changes in the folding of
the PDPAs are accompanied by changes in the ECD and Raman
spectra.

To study the secondary structure of the PDPAs, ie., poly-
(1-3)(c,a)y Raman optical activity (ROA) was the technique of
choice due to the information that can be extracted from it.
However, the large fluorescence of the PDPAs interferes with
the ROA measurements and no data could be obtained using
this technique. Thus, to better understand the contribution of
the different functional groups present in the PDPAs with
different DPs to the ECD spectra, computational studies
[TD-DFT(CAM-B3LYP)/3-21G]>*™* were carried out for different
PDPA oligomers (n = 8, 10, 12, 14, 16 m.r.u.) with a trans-
transoidal skeleton describing an internal P (right-handed)
helix (w; = 165°, w, = 180°, w; = 110°; Fig. 3a).>" The values of
the dihedral angles employed to build the 3D models were
obtained from previous studies.*?

In these models, the chiral substituents were removed to
reduce the computational demands. In agreement with the
experimental results, it was found that the theoretical ECD
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Fig. 3 TD-DFT (CAM-B3LYP)/3-21G ECD spectra of (a) oligomers of
different sizes, and (b) a 16-mer with different w4 values. The half width
at half height equals (a) 28 nm and (b) 33 nm. For the oligomer structures:
w1 = 165°, w, = 180° and wz = 110°.
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spectrum of a PDPA varies with n. Thus, while the theoretical
ECD spectrum of an oligomer with n = 8 shows a positive
Cotton band at 300 nm, the theoretical ECD spectrum of an
n = 10 oligomer shows four alternating Cotton bands between
300 and 600 nm, showing a negative band at ca. 500 nm.
Interestingly, for the oligomers with n > 12, the ECD spectra
become negative in the same wavelength range (Fig. 3a).

In our theoretical models, the oligomers are correctly folded
into a helical structure. However, experimentally it was found
that the asymmetric PDPAs [poly(1-3)] fold in solution into a P
(right-handed) or M (left-handed) helix when the DP of the
polymer is larger than 30.

To determine whether or not the pendant group interferes in
the ECD spectrum of a PDPA, an amide group was introduced
at the para position of one of the aryl rings oriented with
different dihedral angles (w, = 0°, 40°, —120° and —160°).
TD-DFT(CAM-B3LYP)/3-21G calculations were performed on
oligomers with sizes n = 8, 10, 12, 14, 16 m.r.u. The theoretical
ECD spectra show that the ECD traces are not affected by the
orientation of this group (Fig. 3b). For instance, in the case of
the oligomer with n = 8, a positive ECD spectrum was obtained
independently of the value introduced for w, (see ESIt),
whereas in the case of the oligomer with n = 16, a negative
ECD trace was obtained in all cases (Fig. 3b).

Thus, experimentally and theoretically, it is found that there
is a direct relationship between the ECD spectra and the DP of a
PDPA, an effect that was neither observed experimentally nor
predicted by theoretical calculations in previous reports on
PPAs.">°°

To obtain the ECD spectra using computational chemistry,
the scalar rotational strength must be evaluated. For a transi-
tion from the ground state of the molecule (0) to an excited
state (n), the scalar rotational strength can be calculated from
the residue of the linear response function corresponding to
the electric dipole-magnetic dipole polarizability tensor (R{").
In the length-gauge (LG) formalism the residue is given by

eqn (1),

RgnG = Z wl‘ig}%(w - w0’1)<<#x; m1>>(/) (1)
o

where wy, is the frequency of the transition between the 0 and
the n state, u, is the o component of the electric dipole
moment, and m, is the « component of the magnetic dipole
moment of the molecule.>® To deeper understand the obtained
ECD spectra, the excitations with the largest rotatory strengths
within each of the main spectral bands are reported in Fig. 4a
and c for the 10- and the 12-mer, respectively. For further
investigation, the electron densities of the corresponding
electronic ground and excited states may be examined. In this
way, we additionally evaluated the electron density differences
for the dominant transitions for the 10-mer (Fig. 4b) and the
12-mer (Fig. 4d). Interestingly, in the 10-mer, the positive ECD
spectrum is determined by charge transfer from the polyene
backbone (helix 1) to the substituted phenyl ring, whereas in
the 12-mer, the negative ECD spectrum arises through charge

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 TD-DFT (CAM-B3LYP)/3-21G ECD spectra and the calculated
electron density differences for the main transitions for a 10-mer (a and
b) and a 12-mer (c and d). (e) Experimental ECD spectra obtained for a
short oligomer and a polymer like those already explained. The half width
at half height equals 25 nm.

transfer from the phenyl rings of the PDPA (helix 2) to the main
chain (see ESIT for details).

Hence, the ECD spectrum of a PDPA is governed by helix 1
(short oligomers) or helix 2 (polymers), depending on the DP of
the PDPA, which produces opposite ECD signals for the same
helical scaffold. For instance, a P/M/M (helix 1/helix 2/helix 3)
helical scaffold will produce a positive ECD spectrum for short
oligomers, while negative ECD spectra will be obtained for
larger polymeric structures.

In conclusion, it has been demonstrated experimentally and
theoretically that the sign of the ECD spectra of PDPAs depends
on their length. Thus, while short oligomers of poly-(1-3)
produce positive ECD spectra in DMF, larger polymers generate
negative ECD spectra. These opposite ECD traces are not related
to the opposite helical senses induced in the PDPA by the polymer
size, but rather are caused by the different contributions of the

This journal is © The Royal Society of Chemistry 2023
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functional groups in the polymers of different sizes. Thus,
whereas in short oligomers, the ECD trace is dominated by the
polyene backbone (helix 1), in larger polymers, the ECD trace is
dominated by the helix described by the phenyl rings of the PDPA
(helix 2). As known from previous studies, helix 1 and helix 2
rotate in opposite directions, and therefore the ECD traces
generated by these two helices have opposite signs.*

As a result, a single scaffold will present two opposite ECD
traces for different DPs of the PDPA. Thus, on the one hand, a
P/M/M (helix 1/helix 2/helix 3) scaffold will produce positive
ECD spectra for short oligomers, and negative spectra for larger
polymeric structures. On the other hand, an M/P/P (helix 1/helix
2/helix 3) scaffold will give negative ECD spectra for short
oligomers, and they will be positive for larger polymers.
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