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Polythiophenes were among the first studied conjugated poly-
mers and they are still in the group of the most highly investi-
gated polymers for applications in organic electronics.* Indeed,
they are efficient in charge transport, can be produced at low
cost, and are compatible with flexible substrates.»* Among
diverse polythiophenes, the chiral ones have been studied since
1988.* Combination of chirality with conductivity can be used in
electrochemical chiral sensing, asymmetric synthesis, enantio-
selective membranes or chiral micro- and nano-dimensional
fibres useful in the design and development of specific molec-
ular devices.*®

Chirality of polythiophenes can originate from four main,
independent, factors: (1) constitutional, (2) conformational,
(3) aggregational, and (4) external. The constitutional arises
from chirality elements® present in substituted thiophene
monomers and building blocs incorporated into the oligo-
thiophene chain. The polythiophene conformational chirality
is connected to the chain,” which in limit cases can form
a helix twisted along the backbone as in a screw or a helix
twisted as in a spring. The polythiophene screws or springs
may occur in all-transoid or in all-cisoid structures, respec-
tively.” The aggregational chirality can be driven by poly-
thiophene interchain stacking interactions which, under
several circumstances, can lead to chains aggregation in
a helix form which manifests itself by a significant increase of
circular dichroism signals.® Formation of polythiophene
aggregates can also be a result of system ordering by a liquid-
crystalline phase promoting substituent® or interactions with
liquid crystal solvents.'® Finally, an external chiral molecule or
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averaged SCCS torsion angle and HOMA index characterized well the geometry and m-electron
delocalization. The substituent volume appeared to shape the conformer form and stability.

an ion can induce both conformational and aggregational
changes of polythiophenes.'""

The structural insight into the polymers in thin layers is
difficult. Yet, already in 1985 a “coil structure” of 1:2 anion
doped poly-3-methyl-thiophene was proposed based on electron
diffraction and X-ray data despite the polymer was crystallized
in only about 5%."* In 1989 and 1990, the helical structures of
doped polypyrroles and polythiophenes were evidenced using
scanning tunnelling microscopy.**™*

In early studies, researchers often concentrated on
deducing chiral polythiophene features from presence of
chiral substituents. Then, the focus was rather shifted
towards conformational and aggregational chirality. Now, it
seems that the main attention is turned towards designing
the polythiophene chirality by influencing the way of aggre-
gation through variation of temperature, solvent, pH, pres-
ence of other (macro)molecules including liquid-crystal
solvents.

The semiempirical MNDO calculations of “rod” and “coil”
conformers of polythiophene, polypyrrole and their 3-methyl
derivatives performed in late 1980s supported early experi-
mental findings on relative stability of the helical forms."”

In mid 1990s, studies of planar all-trans and helical all-cis
polythiophenes were performed using kind of special molecular
mechanics force fields dedicated to crystal structure calcula-
tions, and confirmed that also in crystal lattices the former
conformation is more stable than the latter and that the helix
characteristics visibly depend on dopant added.'®'* Interest-
ingly, it was argued that anions like BF,  revealed an almost
constant energy path through the channel formed inside the
helix.” Transport of the same anion in helical poly(3-octyl
thiophene) simulated using molecular dynamics approach,
indicated that the energy barrier for the ion movement was
lower than 2 kcal mol > The rate of the transport was pre-
dicted to increase with oxidation but after oxidation of 50% it
became hindered.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Example of belt (a, b); screw (c, d) and spring (e, f) conforma-
tions of undecanitro undecathiophenes optimized at the B3LYP/D3/6-
31G** level .§

The band gaps of undoped all-trans and helical all-cis poly-
thiophene, polyfurane and polypyrrole, calculated at carefully
selected B3LYP/6-31G* level, were estimated to be as in semi-
conductors. In all conformations, they exhibited excellent -
electron delocalization and dense valence and conduction
bands.** Moreover, it was demonstrated that doping with both
electron donor or acceptor species reduced the band gaps and
pushed behaviour of the systems towards those typical for
metals.”*

Oligothiophenes, oligofurans and oligopyrroles with vinyl-
ene or azomethine ring linkers have been recently studied at the
B3LYP/6-31G** level combined with and without Grimme's D3
correction.” Strikingly, the relative stability of the conformers
and difference in electronic transitions depended on the linker,
but for the azomethine linker also on the heterocycle unit.*
Quite recently motions of ions in the channels in 100-ring
polythiophene helical structures in aqueous solution have been
studied by using molecular dynamics.>

Despite all those studies, the energetic and structural
differences between different polythiophene conformations
have never been widely studied. Here, belt, screw and spring
conformations (Fig. 1) of regioregular HT (head-to-tail) unde-
cathiophenes® substituted with 26 substituents, covering rela-
tively full range of substituent effects on both c- and m-electron
system of the thiophene valence electrons, were examined by
using computational chemistry methods. Such an approach
enables consideration of a wide range of interesting substitu-
ents which would be very difficult to examine experimentally.

The undecathiophenes chain has relatively large degree of
freedom. Indeed, even if only transoid and cisoid positions of
neighbouring rings would be considered then 2'° different
conformations could be possible. Moreover, for already adopted
cis—trans conformation, the whole “belt” is flexible and undulate
(Fig. 2). The more monomers in an oligomer the more waves is
possible. For the planar undecathiophene as much as five
imaginary frequencies is predicted at the B3LYP/6-31G** level.
Hence, the planar undecathiophene structure is not a local

§ The computations were performed using the B3LYP functional®* combined
with the 6-31G** basis set'** as implemented in Gaussian 09 suite of
programs.** Correlations were done using SigmaPlot program.*
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Fig. 2 Types of the belt conformations of unsubstituted undeca-
thiophenes: C-shaped, S-shaped, and P planar exhibiting several
imaginary frequencies in calculations.

minimum at the potential energy surface, and a structure with
several extrema can be the most stable belt conformation.
However, a conclusive answer to the question “how many waves
has the global minimum?” cannot be easily done first and
foremost because energy difference between conformers such
as C- and S-shaped structures is within the confidence level of
DFT calculations regardless the basis set and the method (Table
1, ESI{). Since here we cannot overcome these and many other
methodological constrains, from now on, we consider only the
C-shaped structures because, out of belt conformers, they can
be the most uniformly defined. Still, an uncertainty related to
the conformational freedom of the substituents remains.
However, addressing this issue in the studied systems goes far
beyond the aim of this communication.

The screw conformations (Fig. 1) seem to be very strained.
Thus, it was very surprising that for quite a number of systems,
the starting belt structure converged either to the C-shaped
belts or to the screws depend on how the substituents were
initially, but only slightly, distorted. Nevertheless, for some
substituents the screw conformation converged to the belt one
and for some others, to obtain the screw conformation, it was
necessary to start computations from already screwed structure.

It turned out that the Gibbs free energy difference between
the screw and C-shaped belt forms is not that big (Tables 1-4,
ESIT). In fact, for the studied systems the difference is below
2 keal mol ™. Even more, for some substituents (COOH, iPr, Li,
nBu, NO,, Ph, SH, SMe and ¢Bu) the screw conformations are
predicted to be more stable than the C-shaped belts (Table 1). It
is clear that Li is a purely hypothetical substituent and ¢Bu can
hardly be introduced in such the HT regioregular way. Yet, for
iPr, SH and SMe, this is not so sure. For several substituents (Br,
CCH, Cl, CN, F, H, NMe,, OH and OMe) the introductory screw
conformations converged to the C-shaped belt ones.

Comparison of energetics of the C-shaped belt and screw
conformers of eleven-substituted undecathiophenes indicates
that for some substituents probably: (i) the screw structures can
be formed, (ii) the screw and belt forms can co-exist, and maybe
rarely, (iii) the screw conformers may be dominant. However,
one should remember that the level of theory used here allows
only for semi-quantitative considerations as the accuracy of the
performed DFT predictions is about a few kcal mol ™ *.2%2¢

If our predictions were inferred based only on behaviour of
the unsubstituted undecathiophenes, for which the spring form
is ca. 10 keal mol™* less stable than the belt one, then we would
think that existence of spring conformers is highly improbable.

RSC Adv., 2018, 8, 2116-2122 | 2117
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Table 1 The Gibbs free energy differences AG (kcal mol™?) between
screw (scr) and spring (spr) vs. C-shaped belt conformations of
substituted undecathiophenes, and mean of modules of the t(SCCS)
torsion angles (deg) and the HOMA geometric aromaticity indices over
the conjugated m-electron structure in the three types of
conformations”

AG |7a(SCCS)| HOMA

X= scr spr Belt scr spr  Belt scr spr

BF, 1.4 2.1 1371 137.1 30.6 0.688 0.671 0.694
BH, 1.3 3.2 144.8 145.5 32.1 0.704 0.691 0.693
Br —b 11.5 1793 —b 250 0.808 —b 0.776
CBr; 1.3 -3.1 127.6 125.4 34.3 0.661 0.639 0.673
CCH —b 3.2 180.0 —b 173 0789 —b 0.770
CCl, 0.3 1.8 122.2  119.7 36.3 0.639 0.619 0.617
CF; 0.5 0.3 143.0 141.5 299 0.742 0.724 0.743
CH;3 - b 5.5 1614 —b 312 0791 —b 0.732
CHO 0.3 —8.9 140.0 169.6 6.4 0.715 0.774 0.785
Cl — b 6.9 176.6 —b 274 0809 —b 0.769
CN — b 3.5 1773 —>b 180 0.795 —b 0.782
COOH -10.1 -6.0 130.3 156.2 17.5 0.671 0.733 0.721
F —b 2.4 180.0 — b 9.3 0845 — Db 0.850
H — b 10.2 1663 —b 249 0.810 —b 0.792
iPr —-0.7 3.7 138.8 136.8 34.8 0.693 0.674 0.668
Li —-1.5 4.3 151.6 1559 37.7 0.705 0.684 0.613
nBu -5.9 —2.6 151.5 135.6 354 0.758 0.669 0.662
NH, 2.1 4.9 157.5 152.0 30.7 0.819 0.783 0.784
NMe, —b 201 1773 177.4 221 0.792 0.790 0.781
NO, —0.7 13.7 154.2 152.6 30.8 0.763 0.755 0.718
OH 0.1 5.9 150.9 153.1 7.4 0.804 0.798 0.853
OMe —b 6.1 180.0 — b 6.4 0865 —b 0.857
Ph —-0.9 2.2 136.6 136.5 32.7 0.697 0.685 0.693
SH -1.0 3.1 161.3 159.8 31.0 0.787 0.781 0.750
SiH; 0.2 2.2 145.3 1453 33.2 0.727 0.708 0.697
SMe -1.5 2.9 167.9 165.2 30.1 0.781 0.774 0.731
tBu -0.5 —2.2 108.7 107.6 389 0.551 0.543 0.520

a

— b - the starting screw structure converges to the belt conformer.
The data in italic correspond to not fully optimized forms.

However, for quite a few substituents the energetic distance
between the belt and spring forms is below 5 kcal mol " (Table
1) and formation of springs cannot be fully ignored. Surpris-
ingly, among substituents stabilizing the spring structures
there are some (CF3, CCl;, CBr3;, CHO, COOH, nBu and ¢Bu) for
which this very conformation is predicted to be either more or
only a bit less stable than the belt one (Table 1).

Even if we skip considering ¢Bu for the reasons given above,
one should not disregard stabilization of the springs produced
by trihalomethanes and the CHO and COOH groups. Thus, it
seems not impossible that the substituted undecathiophenes:
(i) exist in the spring conformations, (ii) may co-exist with the
screw and even the belt conformations (CF3, F, nBu and COOH),
and also one cannot exclude that for some substituents (iii) the
spring conformers may be dominant.

At the end of this section let us remind that in nature
interaction with a liquid crystalline or a chiral solvent can be the
driving force for a helix formation. This process can be sup-
ported by the adequate temperature, solubility, (chiral) addi-
tives etc. So, the energetics presented above indicates that
apparently strange screw and spring forms must not always be
very improbable.
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Now, let us consider geometrical characteristics of the
studied structures. Four parameters seem to be useful for
comparison conformations of undecathiophene belts, screws
and springs: (a) the distance between the ends, (b) the average
of the module of the SCCS torsion angles, (c) the HOMA index of
geometrical aromaticity,>° and (d) the sum of distances of the
ten C-C bond linking the thiophene rings.

The first two parameters well characterize the conformer
curvature and the degree of twist. Interestingly, the distance
between the ends varies remarkably not only for belts but also
for springs for which the number of twists changes a lot with the
substituent. Use of the module operation is useful because the
sign of the successive SCCS torsion angles alters for the belts,
and although for the screws and springs it has always the same
sign, it inverts with the change of the conformer chirality, i.e.,
with the change of the handedness of the twist. Taking the
average is also important because the end rings have more
degrees of freedom and deviate from the values found for the
internal units. Moreover, the studied structures are not very
rigid. Thus, for each substituent several local minima occur and
a diffusion of energy and geometrical parameters exist.

The last two parameters express the m-electron delocaliza-
tion. Recently, we demonstrated that the geometrical aroma-
ticity HOMA index is describing much more than only
aromaticity and can reflect character of cyclic and acyclic satu-
rated or partially unsaturated compounds.*® Besides, it can be
used for describing the m-electron delocalization in conducting
polymers.** Indeed, the closer the HOMA index to 1.0, the closer
is its m-electron structure to that in the reference benzene
molecule, and the more perfectly the m-electron charge is
delocalized.”””** On the other hand, it is important that increase
of the HOMA index on the other hand, associated with the
decrease of the distances between ten thiophene rings denotes
increase of both their double bond character and the m-electron
delocalization of the studied structure.

The above two groups of parameters seemed to characterize
two aspects of the studied molecules: the shape and the -
electron delocalization. Unexpectedly, all these characteristics
are mutually correlated (Fig. 3). Thus, only 1(SCCS) and HOMA
descriptors, more universal of the each group, are shown (Table
1) while the others are gathered in Table 4, ESL

To understand the graphs shown in Fig. 3 let us remind that
|7avg(SCCS)| is close to 180 deg for flat all-transoid while it is
close to 0 deg for flat all-cisoid structures. So, |7ay(SCCS)| ca.
180 deg denotes a small deformation in belt and screw struc-
tures while for springs a small deformation is connected to
| 7avg(SCCS)| approaching 0 deg. On the other hand, the distance
between the ends decreases with an increase of the bow-
bending of the belt and with a drop of the number of twists
in the spring, while an increase of the twists in the screw. So,
indeed |7,,,(SCCS)| and d(C;-Cy4;) express concordantly, yet
non-linearly, the conformer shape and deformation.

Fig. 3b is easy to interpret because HOMA approaching 1.0
denotes by definition the perfect m-electron delocalization
which is connected to decrease of the sum of distances of the
inter-thiophene C-C bonds, and simultaneously to increase of
their double bond character. Probably the most striking is

n

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Correlations between (a) the distance between the ends d(C,—
Cy3) (A) and the average of the module of the SCCS torsion angles
|Tavg(SCCS)| (deg); (b) the HOMA index over the entire conjugated
system and the sum of the ten C-C inter thiophene rings (iTR) bonds
S(ditr(C-C)) and (c) between the HOMA index and the |t,,(SCCS)]|
angle.

Fig. 3c demonstrating linear correlations between HOMA index
and the |1,,,(SCCS)| torsion angles characteristic. It unequivo-
cally shows evidence that the m-electron delocalization declines
with the accumulation of the deformation in the structure
would it be of the belt, the screw or the spring type.

The motivation for this project was to find a substituent able
to stabilize a chiral screw or spring conformation and to
conserve a good m-electron delocalization over the structure.
Such a substituent could possibly be used in devices exploiting
chirality-related properties and the circular flow of electrons in
enantioselective: chemo- and bio-sensors, molecular switches,
modulators or non-linear optic devices, etc. This is why we
considered two dozens of substituents differing in their action
on both o- and m-electron system of aromatic molecules.

This journal is © The Royal Society of Chemistry 2018
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Since almost a decade we have been constructing SEDA and
PEDA descriptors of the substituent and heteroatom incorpo-
ration effects.**** The sEDA and pEDA descriptors have simple
physical sense: they show the amount of electrons donated to or
withdrawn by the substituent or incorporant from the o- and =-
valence orbitals. However, the correlations between any of the
structural parameters considered and the sEDA or the pEDA
descriptors were not significant. The sEDA and pEDA descrip-
tors were constructed based on substituted benzenes but were
shown to be general enough to reveal the substituent effect in
any similar system.?® Nevertheless, trying to find out why they
do not reflect the effect in the substituted undecathiophenes,
we tailored the descriptors based exactly on the 3-substituted
thiophene core (SEDAy, pEDAy and (s + p)EDAy, Table 5, ESIT).
The modified sEDAt and pEDA; descriptors are also based on
referencing the electron populations at the ¢ and 7 valence
orbitals in the 3-substituted to the unsubstituted ring. However,
to better extract the significant part of the substituent effect, the
calculations were truncated only to the ring C-atoms respon-
sible for the 7t-electron delocalization. Still, the new correlations
seemed to be insignificant (Fig. 1, ESIf), although, for the
HOMA index, after elimination of deviating points corre-
sponding to bulky substituents, the R* correlation coefficients
increased from ca. 0.15 to over 0.5. This is especially true for the
correlation of HOMA with sEDA for which R increased to ca.
0.65 (Fig. 1, ESI{).

Still, it remains striking that the shape of the studied systems
undergoes dramatic but concordant changes with the substit-
uent (Fig. 4a and b). Notice that the values for the belts are on
the abscissae while for the screws and springs are on the ordi-
nates. So, what characteristic of the substituent is governing
these changes?

A closer inspection into correlations between the HOMA and
|z(SCCS)| parameters for the belts with the corresponding
values for the screw and spring conformers allows to perceive
that the largest deviations from HOMA = 1.0 and from |zay(-
SCCS)| = 180.0 or 0.0 deg increase with the substituent volume
or hindrance (¢Bu, CCl;, and CBr;). Indeed, for small substitu-
ents, the HOMA values are closer to 1.0 and the torsion angles
approach 0 or 180 deg for springs or screws, respectively, while
for bulky groups they strongly deviate from these values. Still,
the substituent order is not fully clear (Fig. 4a and b), e.g., why
CCl; is located between ¢Bu and CBr; while it is less bulky than
both of them? Further, why COOH is between CBr; and Ph,
while it is much smaller then each of them? And, after all, why
H is between CH; and OMe groups?

In search for the more precise answer to the question about
the rule governing the HOMA and torsion angle changes we
calculated the Gibbs free energies of the hyperhomodesmotic
(AGyp) reactions (Fig. 4c and Table 3, ESIt). The energies of
such reactions would give quite exact values if we could use
a higher level of theory and make an extensive conformational
study.’” They estimate the energetic difference between the
eleven substituted single thiophene molecules and the C-
shaped undecathiophene substituted in the regioregular HT
way.** Hence, one can expect that AGyp contains contributions

from the substituents interaction with: (1) the entire

RSC Adv., 2018, 8, 2116-2122 | 2119
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undecathiophene m-electron system; (2) the undecathiophene
o-electron skeleton; and (3) with the ten adjacent rings. The
latter contacts can have very complex nature as they can be both
attractive and repulsive and related to both the substituent

2120 | RSC Adv., 2018, 8, 2116-2122
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volume, hindrance as well as formation of a hydrogen-, halogen-
, chalcogen-, etc. bond. Notice that in the belt and screw
conformations the substituent interacts with the S-atom of the
adjacent ring, while in the spring ones with the CH group in the
position 4.

As a result of attempts for correlations of AGyp with SEDAr,
PEDA, (s + p)EDA; substituent effect parameters and substit-
uent volume, surface, and widths estimated using simple
approximations (Table 6, ESIt) it turned out that the substituent
volume explains in 80% variations of AGyp of each of the
studied conformers (Fig. 4d). In the next step we tested the
correlations against both: the volume and sEDAt descriptor,
which explained quite a lot of changes if the data of some bulky
substituents were eliminated. Nevertheless, none of the two
parameter correlations was stronger than that presented in
Fig. 4d even if some points were ignored. After all, the order of
the substituents perturbing only slightly the systems suggests
that the m-electron donating substituents (e.g., OMe, NH,, SMe)
support high value of HOMA in spring conformers (Fig. 4a).
Unfortunately, majority of those substituents seem to have too
small volume to stabilize the screw forms (Table 1). They also
promote structure flattening and only a very weak spring twist.
Thus we can guess that quite unsophisticated SMe and SH
groups, for which synthesis of eleven-substituted undecathio-
phene seems to be feasible, can stabilize both screw and spring
helices conserving at the same time a fair m-electron delocal-
ization with HOMA close to 0.78 (Fig. 4, Table 1).

One of the reviewers of this letter rightly pointed out that to
characterize helices, the helix pitch, helix radius and number of
units per turn as well as bond length alternation (BLA) are worth
to be given.” Finding the helix parameters require fitting the
helix coordinates by a least square routine.’® The pitch, radius,
and number of thiophene rings per turn for the studied helical
structures (Table 7, ESIt) were found here using the HELFIX
program®® operating on coordinates of 11 S-atoms. It appeared
that there are nice quadratic correlations between these
parameters and |7,,x(SCCS)|. Also, the number of thiophene
rings per turn and the radius as well as BLA and HOMA are
significantly correlated (Fig. 2, ESIT). However, a significant
spread of points exists and it has the same reasons as the
spreads presented in figures above. Therefore, we believe that
proposed presentation of the substituent effect problem could
be equivalent to such in which the helix parameters would play
a central role.

Conclusions

The belt- and two chiral: screw- and spring- helical conforma-
tions of regioregular head-to-tail undecathiophenes substituted
with 26 different functional groups were calculated at the
B3LYP/6-31G** level. Comparison of the conformer energies
suggests that the screw and spring structures can be formed,
can often co-exist, and can sometimes be even more stable than
the belt ones. The four geometrical characteristics considered,
the averaged SCCS torsion angle, the HOMA geometrical
aromaticity index, the sum of distances of bonds linking the
rings, and the distance between the conformers ends appeared

This journal is © The Royal Society of Chemistry 2018
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to be intercorrelated, yet, not always linearly. Especially first two
parameters well characterize the geometry and the m-electron
delocalization. Correlation of the energy of the hyper-
homodesmotic reaction estimated for all the conformers and
the substituent volume demonstrated that the volume is in ca.
80% responsible for the conformer shape. Based on the
geometry-derived parameters we hypothesize that some
common substituents like SMe or SH can support helical
conformation of undecathiophenes with simultaneous conser-
vation of a fair m-electron delocalization.
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