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Abstract: We report herein on the self-assembling features,
chiroptical activity, and spin filtering properties of 2,15- and 4,13-
disubstituted [6]helicenes decorated in their periphery with 3,4,5-
tris(dodecyloxy)-N-(4-ethynylphenyl)benzamide moieties. The weak
non-covalent interaction between these units conditions the

corresponding circularly polarized luminescence and spin polarization.

The self-assembly is overall weak for these [6]helicene derivatives
that, despite the formation of H-bonding interactions between the
amide groups present in the peripheral moieties, shows very similar
chiroptical properties both in the monomeric or aggregated states.
This effect could be explained by considering the steric effect that
these groups could generate in the growing of the corresponding
aggregate formed. Importantly, the self-assembling features also
condition chiral induced spin selectivity (CISS effect), with
experimental spin polarization (SP) values found between 35-40% for
both systems, as measured by magnetic-conducting atomic force
microscopy (AFM) technique.

Introduction

Helicenes, ortho-fused aromatic compounds adopting helical
chirality, have been reported as useful building blocks with
efficient circularly polarized luminescence (CPL) activity? and
spin filtering capabilities® that make them complementary
candidates to some other systems like metal complexes, small
organic luminescent molecules® or nanographenes,® for the
development of new technological applications like data storage,
biological sensing or spintronic devices.! Importantly, the
formation of organized active layers, in which the self-assembly
of the above-mentioned molecular systems by non-covalent
interactions is crucial, plays a pivotal role in the achievement of

these technological applications. Taking into account that both
CPL and spin-filtering effect require the participation of chiral
species, chiral supramolecular polymers can emerge as an
interesting benchmark to build up highly organized, functional
chiral assemblies.®! A large number of chiral supramolecular
polymers are formed by the self-assembly of planar aromatic
moieties like BTAs,®! PBIs,'® n-conjugated oligomers,*!! or
porphyrins*? that would yield a racemic mixture of helical
structures. Therefore, enantioenriched helical supramolecular
polymers can be achieved by: i) an efficient transfer of asymmetry
from the point chirality embedded in the peripheral side chains,®
21 ji) the co-assembly of two enantiomers in different ratio
(majority rules) or a chiral/achiral mixture of referable moieties
(Sergeants and Soldiers),**% jii) using chiral additives,** or iv)
irradiating with CPL.[**! Much less investigated are those chiral
supramolecular polymers in which the self-assembling units are
3D moieties displaying axial or inherent chirality. These distorted
and rigid geometries prevent a straightforward self-assembly.[*¢-
181 Atropoisomers*® and helicenesl!” are paradigmatic chiral,
non-planar moieties that upon self-assembly generate chiral
supramolecular polymers. Very recently, we have reported on the
outstanding CPL activity and spin filtering effect of
supramolecular polymers formed by the self-assembly of 2,15-
and 4,13-disubstituted [6]helicenes endowed with four amide
functional groups that favors the supramolecular interaction by
the formation of a fourfold array of H-bonding interactions. Either
the final properties (luminescence dissymmetry factors, gum, and
spin filtering effect) and the supramolecular polymerization
mechanism strongly depends on the substitution pattern of the
[6]helicene backbone. Thus, the 2,15-disubstituted [6]helicene
forms chiral supramolecular polymers by following an isodesmic
mechanism, presents CPL activity of the same sign as the
monomeric species and a remarkable spin polarization



percentage (SP%) of 80 %. On the contrary, the 4,13-
disubstituted [6]helicene forms chiral supramolecular polymers by
following a cooperative mechanism, the CPL activity of these
supramolecular polymers exhibits an opposite sign than that of
the monomeric species and a SP% of 60 %.[8

Here we expand our studies on the formation of self-assembled,
functional species from 2,15- and 4,13-disubstituted [6]helicenes
by decorating their periphery with two 3,4,5-tris(dodecyloxy)-N-(4-
ethynylphenyl)benzamide moieties (compounds 1 and 2 in Figure
1). These peripheral fragments strongly condition the self-
assembly of these distorted systems and, consequently, the
corresponding CPL activity and spin filtering. Thus, both

[6]helicenes 1 and 2 present a weak tendency to form aggregated
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species that is especially weak in compound 2.
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agreement with our previous studies,*® the [6]helicenes 1 self-
assemble in a head-to-tail manner but the [6]helicenes 2 do it in a
head-to-head fashion (Figure 1b and 1c). These weak self-
assembly ability results in a very similar emissive and dichroic
response for both the monomeric and aggregated species.
Importantly, both [6]helicenes 1 and 2 present a noticeable spin
filtering effect (Figure 1b and 1c). The results presented herein
corroborate the influence of the 3,4,5-tris(dodecyloxy)-N-(4-
ethynylphenyl)benzamide moiety, which has been demonstrated
to induce anticooperative supramolecular polymerization
attenuated by the chain growth*®! and contribute to shed light on
the structural elements participating in the achievement of
functional, supramolecular polymers.

Figure 1. (a) Chemical structures of [6]helicenes 1 and 2. Schematic illustration of the (b) head-to-tail self-assembly of 1 and the (c) head-to-head self-assembly of

2. All the enantioenriched species, both in their monomeric or aggregated states, act as CPL emitters with no changes in the CPL sign. The aggregated species of

1 and 2 present spin filtering effects.

Results and Discussion

Synthesis and self-assembling features. In good agreement
with our previous study,l*® the [6]helicenes 1 and 2 in their
racemic form were prepared by carrying out a twofold C-C cross-
coupling Sonogashira reaction between the racemic 2,15- and
4,13-bis-ethynyl-carbo[6]helicene building blocks?? and 3,4,5-
tris(dodecyloxy)-N-(4-iodophenyl)benzamide (see the Supporting
Information (S1)).24 The 3,4,5-tris(dodecyloxy)-N-(4-
ethynylphenyl)benzamide group was chosen for its known ability
to form robust supramolecular aggregates when grafted onto
polyaromatic moieties in solution and in the solid state.?? To
accomplish enantioenriched (P) and (M) enantiomers of 1 and 2,
high-performance liquid chromatography (HPLC) enantiomeric
resolution process was performed (see the Supporting
Information for details). All the new compounds 1 and 2 were
characterized by utilizing standard spectroscopic techniques (*H
NMR, *¥C NMR, and Fourier transform infrared (FTIR)
spectroscopy and high-resolution mass
spectrometry—electrospray ionization mass spectrometry (see the
Supporting Information).

The self-assembling features of the reported [6]helicene 1 have
been initially investigated by performing concentration dependent
1H NMR experiments in CDClz as solvent. The resonances of both
the aromatic and aliphatic protons of the M enantiomer of the
2,15-disubstituted 1 remain unaltered upon increasing the
concentration. On the contrary, the broad singlet corresponding
to the amide protons deshields upon increasing the concentration
(Figure 2a). These findings, coincident with that previously
observed for both the racemic mixture or the enantioenriched
sample of the 2,15-disubstituted helicene with four amide

groups,*8 imply the non-covalent interaction of these units by the
formation of a twofold array of H-bonding interactions between the
amide functional groups. FTIR spectra in solution corroborate the
formation of such arrays of H-bonding interactions. Indeed, the
FTIR spectra of 1 in a good solvent like chloroform and at diluted
experimental conditions (total concentration cr = 1 mM), that
favors the solvation of the monomeric species, displays the N-H
and Amide | stretching bands at 3430 and 1676 cm™, respectively
(Figure 2b). These wavenumbers, that are observed for both the
racemic and the enantioenriched forms of compound 1, are
diagnostic to unbonded amide functional groups.®*®23 However,
the N-H and Amide | stretching bands shift to lower wavenumbers
(~3300 and 1647 cm?, respectively) by using methylcyclohexane
(MCH) to register the corresponding FTIR spectra, a bad solvent
that favors the self-assembly of nonpolar systems (Figure 2b).
These wavenumbers observed in MCH are diagnostic of the
operation of intermolecular H-bonding interactions between the
amide functional groups.*®?¥ A definitive clue on the self-
assembling mode of the 2,15-disubstituted [6]helicene 1 has been
unveiled by registering the ROESY spectrum in CDCls at more
concentrated experimental conditions (cr = 20 mM). This ROESY
spectrum shows clear intermolecular contacts between the
peripheral aliphatic side chains and most of the aromatic protons
that can be justified by considering a head-to-tail arrangement of
the monomeric units reinforcing the intermolecular H-bonding
interactions between the amide functional groups (Figure 1b and
2c). Atomic force microscopy (AFM) onto highly oriented
pyrolyzed graphite (HOPG) has been utilized to visualize the
morphology of the aggregated species formed by the self-
assembly of the [6]helicene 1. The AFM images of diluted
solutions (ct = 10 uM) of compound 1 in MCH shows the formation
of a large number of nanoparticles with typical heights of 2.5 nm
(Figure Sb).
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Figure 2. (a) Partial *H NMR spectra of (M)-1 registered at different concentrations showing the aromatic and some of the aliphatic protons (CDCls, 300 MHz, 298
K). The red dot corresponds to the amide protons; b) Partial FTIR spectra of 1rac and (M)-1 in CHCIz and MCH; ¢) ROESY NMR spectra (CDCls, 300 MHz, cr = 20
mM; 293 K) of (M)-1. The dotted rectangle depicts the intermolecular through-space coupling signals between the aliphatic side chains and the aromatic resonances.

The self-assembling features of the 4,13-disubstituted [6]helicene
2 has been carried out by following a similar strategy to that
performed by compound 1. Thus, the concentration dependent *H
NMR experiments carried out in CDCl; show the lack of any
noticeable shift of the aromatic resonances but the slight shift of
the broad singlet ascribable to the amide protons diagnostic of the
negligible interaction of the 1-surface of the [6]helicene and the
operation of a twofold of H-bonding interactions between the
amides (Figure S6). The intermolecular H-bonding interaction
between the monomeric units is corroborated by registering the
corresponding FTIR spectra in solution. Similarly to compound 1,
the NH and Amide | stretching bands of 2 in a diluted MCH
solution (cr = 1 mM) appear at 3275 and ~1645 cm™, respectively,
clear signature of H-bonded amides.**%! However, the FTIR
spectrum of 2 in CHCls at cr = 1 mM shows these stretching bands
at ~3450 and ~1670 cm?, respectively, which imply that the
amides are in a free state (Figure S7).1%2% |nterestingly,
increasing the total concentration to 100 mM, the FTIR spectrum
of 2 displays the presence of two NH stretching bands at ~3450
and 3330 cm™ and two Amide | bands observed at ~1670 and
~1640 cm?, indicating that a part of the amide functions are
engaged into H-bonded interactions (Figure S7). The presence of
H-bonding interactions between the amide groups reveals a
certain tendency of this helicene 2 to self-assemble at high
concentrations. The ROESY spectrum of a concentrated solution
(ct =20 mM) in CDCl; shows the lack of any short intermolecular
contacts between the aromatic backbones and the aliphatic side
chains (Figure S8). Therefore, and on the contrary to the head-to-
tail arrangement of the monomeric unit to form the aggregated
species of 1, in the case of helicene 2 a head-to-head
arrangement of the monomeric units in which the H-bonding
interactions are slightly reinforced by the =-stacking of the
helicene moieties, would result in organized, aggregated species
(Figure 1c). These spectroscopic findings suggest that the 4,13-
disubstituted helicene 2 self-assembles in a similar manner to its
previously reported congener with four amides per monomeric
unit.® However, the AFM images registered for compound 2
show the presence of nanoparticles with typical heights of less
than 1 nm (Figure S9). This morphology observed for [6]helicene
2 contrasts with the fibrillar nature of the aggregated state of the
previously reported congener of 2 endowed with four amide
functional groups per monomeric units and reveals the strong
impact of removing the flexible ethylene spacer between

separating the [6]helicene core and the benzamide fragment. 2!
Therefore, the presence of the 3,4,5-tris(dodecyloxy)-N-(4-
ethynylphenyl)benzamide moieties, and more specifically, the
steric effect exerted by the peripheral dodecyl side chains,
prevents an efficient self-assembly of compound 2 that finally
yields small aggregated species. This effect has been
experimentally and theoretically demonstrated for some related n-
conjugated systems endowed with these peripheral rigid
segments for which self-assembly is an anticooperative
supramolecular polymerization with a limited growth.[1924]

Chiroptical and spin filtering properties. Since [6]helicenes are
intrinsically chiral entities that exhibit remarkable chiroptical and
emissive properties,22% and the previously reported influence of
self-assembly [6]helicenes on these properties,'® we have
performed a complete study of these features by performing
electronic circular dichroism (ECD) and CPL measurements. Prior
to investigate the chiroptical properties of these [6]helicenes, we
have registered the UV-Vis spectra of both the racemic and
enantioenriched forms of compound 1 in CHCls, a good solvent
that favors the complete disassembly into monomeric species,
and in MCH, a bad solvent that favors the aggregation of these
monomeric units. In CHClIs, both the racemic form and the
enantioenriched sample show an identical absorption pattern with
maxima at A = 270 and 304 nm (Figure 3a). These findings are
similar in MCH, in which both racemic and enantioenriched
samples display identical UV-Vis spectra with maxima at A = 270
and 299 nm (Figure 3a). The small hypsochromic effect observed
in the UV-Vis spectra registered in MCH in comparison to those
registered in CHCls is indicative of a weak 1r-stacking of the non-
planar [6]helicene moiety (Figure 3a). These subtle changes are
also observed in the ECD spectra of the (M) and (P) enantiomers
of [6]helicene 1 if CHCI; or MCH are utilized as solvents. Thus,
these ECD spectra of both enantiomers are mirror image with
maxima at 420, 375, 315, and 275 nm with zero crossing points
at 340, 286, and 263 nm (Figure 3a). These subtle changes have
been used to perform a solvent denaturation (SD) experiment to
unravel the supramolecular polymerization mechanism. In these
experiments, increasing amounts of the solution of an enantiomer
in the good solvent are mixed with decreasing amounts of the
same enantiomer in the bad solvent keeping the total
concentration constant.[?®! Unfortunately, the addition of tiny
amounts of the CHCI; solution of (M)-1 to the MCH solution to
(M)-1 at cr = 10 uM results in a complete disassembly which



impedes the reliable derivation of the thermodynamic parameters
associated to the supramolecular polymerization of these
derivatives (Figure S10). These findings indicate the weak
interaction between the monomeric units in the formation of the
aggregates of [6]helicenes 1.

The dichroic response of the M and P enantiomers of the 4,13-
disubstituted helicene 2 in CHCIl; shows mirror image ECD
spectra with three Cotton effects at 368, 322, and 278 nm and
zero crossing points at 349 and 295 nm (Figure 3c). These ECD
spectra of the enantiomers of 2 are identical but slightly less
intense in the bad solvent MCH, diagnostic of rather weak =-
stacking of the contorted [6]helicene backbone (Figure 3c),
behavior that strongly contrasts with that observed for the
congener of 2 endowed with four amide functional groups per
monomeric units. In these 4,13-disubstituted [6]helicenes, the
efficient n-stacking of the aromatic moieties reinforced by the
tetrafold array of amide H-bonds affords an efficient
supramolecular polymerization in MCH that yields drastic
changes in the corresponding ECD spectra with Cotton effects of
opposite sign.[*®l As stated before, the steric effect generated by
the 3,4,5-tris(dodecyloxy)-N-(4-ethynylphenyl)benzamide
moieties could be responsible for an anticooperative
supramolecular polymerization mechanism attenuated by the
growth that results in ECD spectra almost identical in both the
good and bad solvents. (1924
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Figure 3. ECD (left axis) / UV-vis (right axis) (a) and CPL (left axis) / PL (right
axis) (b) spectra of (P)-1 and (M)-1 in monomeric and aggregated states (CHCl3
and MCH, respectively); ECD (left axis) / UV-vis (right axis) (c) and CPL (left
axis) / PL (right axis) (d) spectra of (P)-2 and (M)-2 in monomeric and
aggregated states (CHCIls and MCH, respectively). ‘Normalized PL’ stands for
‘normalized photoluminescence’. Experimental conditions for UV-vis, ECD,

CPL, and PL spectra: cr = 10 uM and Aexc = 365 nm.

To complement the investigation of the chiroptical properties of
the enantiomers M and P of the reported [6]helicenes 1 and 2, we
have registered the CPL spectra of the enantiomers in the good
solvent CHCls and in the bad solvent MCH. The lack of an efficient
n-stacking of the aromatic units in both 1 and 2 results in identical
emission spectra for these two disubstituted [6]helicenes and for
both solvents CHCI; and MCH with maxima at 430, 455, and 486
nm (Aexc = 365 nm; Figure 3b and 3d). The corresponding CPL
spectra are mirror image for the M and P enantiomers of 1 and 2.
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In addition, these CPL spectra are also identical in both the good
and bad solvents thus conforming the weak supramolecular
interaction between the monomeric units in the bad solvent
(Figure 3b and 3d). The striking difference between the 2,15- and
4,13-disubstituted [6]helicenes 1 and 2 is the dissymmetry factor
Oum, defined as gum = 2(I.— Ir)/(IL+ Ir), I and Ir being the left- and
right-handed luminescence emissions, respectively. In the case
of the enantiomers of 1, the gum values are +2.8/-2.6 x 1072 (Aexc
= 365 nm) for (P)-1 and (M)-1, respectively (Figure 3b). However,
the gum values for [6]helicenes 2 are one order of magnitude lower
(+2.0/-2.0 x 1073; Aexc = 365 nm in CHCI3). These results are in
line with previous investigations!*®2% on related compounds and
confirm that the 2,15-substitution pattern is more favorable than
the 4,13 one for aligning the electric and magnetic transition
dipole moment and obtain strong CPL activity
Finally, we have also evaluated the spin polarization effect of the
weakly self-assembled [6]helicenes 1 and 2. This phenomenon is
of crucial interest in the potential application of chiral systems in
spintronics.?”l The spin selectivity of the electron transport
through a chiral layer of the helicene-based polymer was carried
out by magnetic conducting AFM (mc-AFM) measurements. For
these investigations, the corresponding helicene was deposited
on a gold-coated nickel substrate (Ni 100 nm and Au 8 nm), which
can be magnetized with the north magnetic pole pointing toward
the layer (up) or away from the layer (down) using an external
magnetic field (Figure 4a). Furthermore, the nonmagnetic AFM tip
was grounded, while the potential on the Au/Ni surface was varied.
Despite dissimilar self-assembling features of the studied
[6]helicenes similar spin polarization properties were observed for
1 and 2 aggregates, with the M and P enantiomers displaying a
clear dependence of the current on the direction of the
magnetization of the substrate. Thus, the spin selectivity of both
enantiomers is controlled, in a reverse manner, by the applied
magnetic field (see Figures 4a and 4b for 1 and Figures 4d and
4e for 2). This spin selectivity corroborates the role of
enantiopurity in spin-dependent transport properties as it has
been demonstrated for the previously reported [6]helicenes*® and
some other chiral, self-assembled systems.”®! More details
relevant to the room temperature mc-AFM experiments and
averaging analysis is given in supporting information (see Figure-
S12 and Figure-S13).
Finally, we have calculated the percentage of the spin polarization
(SP%) by applying equation 1:

SP% = (Iup - Idawn)/(lup + Idawn) x 100 Eqg. 1
In equation 1, lup and lsown are the currents when the north pole of
the magnetic field is directed upward or downward direction,
respectively. The SP% calculated for the enantiomers of
[6]helicenes 1 is 35% + 8 (Figure 4c). These SP% values, even if
lower than that registered for the [6]helicenes congeners
previously reported,i*8l are in the same range as that of some
other self-assembled systems that present SP% values ranging
from 6 to 40%®! and are diagnostic of a higher polarizability of the
supramolecular aggregated state.?®! These spin filtering
properties imply that, upon applying the magnetic field in the up
direction, M enantiomer selectively allows the electron spin to
pass through the chiral layer, and vice versa, thus relating the
absolute configuration of the helicene to the spin polarization and,
therefore, the supramolecular non-covalent interaction of the
monomeric species, together with the chemical structure of such



monomers, strongly affects the spin filtering effect. Similar
behavior, with clear spin polarization within an average value of
40% + 13 was observed in the case of (P) and (M)-2 assemblies.
Note that in these systems some variations were found in the |-V
curves, especially in the case of the system 1 at around 2V,
suggesting less stability of the assemblies and of the chiral layer
at this voltage.

Interestingly, the two systems 1 and 2 display similar spin
polarization values. It is worth to note that these SP values are

averaged ones among 50 I-V curves. Furthermore, in past
studies, we showed that the spin polarization is correlated with
the disssymmetry factor of the molecules (see gans Spectra on
Figure S11). Hence it is possible that two molecules, despite
having different structures, can show similar spin polarization.2%
However, all the parameters that control the final SP values are
still not clearly understood.
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Conclusion

To conclude, we report herein on the self-assembling features
and chiroptical activity and spin filtering properties of 2,15- and
4,13-disubstituted [6]helicenes decorated in their periphery with
two 3,4,5-tris(dodecyloxy)-N-(4-ethynylphenyl)benzamide
moieties (compounds 1 and 2, respectively). These peripheral
fragments provide with the ability of these contorted, chiral
aromatic systems to generate aggregated species. The weak
non-covalent interaction between these units conditions the
corresponding CPL activity and spin polarization. The self-
assembly is especially weak for 4,13-disubstituted [6]helicene 2
that, despite the formation of H-bonding interactions between the
amide functional groups present in the peripheral moieties,
present very similar chiroptical properties both in a good solvent
(CHCI3) or in a bad solvent (MCH) that favors the aggregation
process. This effect could be accounted for by considering the
steric effect that these groups could generate in the growing of
the corresponding aggregate formed in a head-to-head fashion.
Importantly, the self-assembling features of 1 and 2 also
conditions the spin polarization properties with a clear spin
filtering effect (with a spin polarization percentage of around 35-
40%), for both systems. The results presented herein contribute

to shed light on the structural elements participating in the
achievement of functional, supramolecular polymers. Other
aspects such as the influence of the optical purity (racemic vs.
enantiopure) on the assembling properties of these systems is
under current investigation.

Experimental Section
Synthesis of Compound 1

The corresponding bis-ethynyl-[6]helicene (rac-[6]helicene, 20 mg, 0.053
mmol, 1 eq) and aryl iodide (3,4,5-tris(dodecyloxy)-N-(4-
iodophenyl)benzamide (102 mg, 0.117 mmol, 2.2 eq.) were dissolved in 4
mL of a mixture of dry THF and EtsN (1/1) and was degassed by 3
Vacuum/Ar cycles. Cul (1 mg, 0.0053 mmol, 0.1 eq.) and Pd(PPhas)s (3.7
mg, 0.0053 mmol, 0.1 eq.) were added and the reaction mixture was stirred
for 2 hours at 50°C. The organic layer was evaporated under reduced
pressure and the residue was purified by column chromatography (silica
gel) using heptane/ethyl acetate (7/3). The fractions containing the product
were evaporated under reduced pressure and the obtained compounds
were purified by two recycling GPC cycles following the experimental
conditions indicated in the general methods sections (see Supporting
Information for details). 1 was obtained as a brown solid (65 mg, 87 %).

Synthesis of Compound 2



The corresponding bis-ethynyl-[6]helicene (rac-[6]helicene, 15 mg, 0.039
mmol, 1 eq) and aryl iodide (3,4,5-tris(dodecyloxy)-N-(4-
iodophenyl)benzamide (88 mg, 0.067 mmol, 2.5 eq.) were dissolved in 4
mL of a mixture of dry THF and EtsN (1/1) and was degassed by 3
Vacuum/Ar cycles. Cul (0.7 mg, 0.0039 mmol, 0.1 eq.) and Pd(PPhs)s (2.7
mg, 0.0039 mmol, 0.1 eq.) were added and the reaction mixture was stirred
for 2 hours at 50°C. The organic layer was evaporated under reduced
pressure and the residue was purified by column chromatography (silica
gel) using heptane/ethyl acetate (7/3). The fractions containing the product
were evaporated under reduced pressure and the obtained compounds
were purified by two recycling GPC cycles following the experimental
conditions indicated in the general methods sections (see Supporting
Information for details). 2 was obtained as a brown solid (65 mg, 63 %).

Additional experimental procedures and characterisation data are
provided in Supporting Information.

The authors have cited additional references within the Supporting
Information.[31:32
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