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N-Doped Octagon-Containing HBC as Redox and pH

g Chiroptical Switch in the NIR

Miguel A. Medel,”’ Lidia Hortigiiela,”’ Vega Lloveras,™ José Catalan-Toledo,™ Delia Miguel,“
Antonio J. Mota,' Nuria Crivillers,*® Araceli G. Campafa,*® and Sara P. Morcillo*™

The optical and chiroptical properties of an aza-HBC-oct-
[5]helicene have been studied and also modulated by means of
protonation or oxidation. In both cases, the generated species
shows a new absorption band in the NIR region that is not

Introduction

The scientific community is putting considerable effort in
developing methods to synthesize nanographenes controlling
both the shape and the introduction of defects." This control
allows to tune the electronic, optical and chiroptical properties
of the nanographenes, which is crucial to provide molecular
materials potentially used in new applications in the field of
organic electronics,” such as chiroptical switches® and spin
filters.” The common defects introduced in nanographenes are
helicenes, non-hexagonal rings, doping with heteroatoms or a
combination of the previous defects.”! They often lead to the
formation of chiral non-planar systems. In this sense, our
research group has recently reported new strategies for the
insertion of non-hexagonal rings (heptagonal,” octagonal” and
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present in the neutral species. This result enables this N-doped
nanographene to act both as optical and, remarkably, as
chiroptical switch since both the CD and CPL can be modulated
by external stimuli such as redox or pH changes.

nonagonal® rings) into both the helicene and the hexa-peri-

hexabenzocoronene (HBC) unit, which is the prototypical nano-
graphene molecule. This strategy of combining two defects in
the same compound leads to chiral helical nanographenes with
high configurational stability™ and interesting chiroptical
properties,"” reaching values of g,,,, the dissymmetry factor of
circularly polarized luminescence (CPL), up to 2x 107" There-
fore, we wonder if the introduction of nitrogen atom as a third
defect into a HBC could have a significant impact in the
resulting properties and their modulation.

It is well known that the incorporation of heteroatoms in
polycyclic aromatic systems changes significantly their elec-
tronic or magnetic properties."? In particular, the m-conjugation
on the graphenic structures can be modulated by nitrogen
doping due to the lone pair of electrons provided." It also
allows the coordination with metals" or protons,"*'® which
will lead to ligands in supramolecular structures or acid-
responsive materials, respectively. For instance, it has been
shown that the incorporation of pyrimidine!” or pyridine!®
rings into the HBC skeleton not only modifies the electronic
properties but also allows the modulation of their properties
with pH variations. Moreover, N-doping of HBCs can alter the
hexagonal net when introducing non-hexagonal rings, such as
pyrrole, and hence, its redox properties.” In this regard, K.
Millen et al. obtained hexapyrrolohexaazacoronenes (HPHAC)
and the corresponding dicationic species after chemical
oxidation making them of interest as an electrochromic
molecule.” It has also been demonstrated that the m-extension
of the HPHAC maotif can lead to the formation of heptagonal
rings which result in a considerable red shifted absorption of
the neutral and the cationic states."® More interestingly, the
combination of octagonal carbocycles with N-doping leads to
high configurationally stable nanographenes enabling to study
their chiroptical properties. One example is the triaza monkey
saddle structure reported by the group of M. Mastalerz.?" In
another interesting example, reported by M. Melle-Franco, A.
Mateo-Alonso et al., the octagonal ring stabilizes the helical
conformation of a molecular nanoribbons.?? Recently, the
group of P. An et al.”® has reported the aza-HBC-oct-[5]helicene
version of our previously reported HBC-oct-[5]helicene.”’ De-
spite these advances, to the best of our knowledge, the system
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reported here is the first example in which the combination of
non-planar HBC, N-doping and helicity in the same structure
permits to tune its chiroptical properties by different stimuli.
Indeed, such stimuli may generate new species that absorb or
emit chiral light in the near-infrared region (NIR >780 nm. This
NIR absorption is of great interest for many relevant
applications,* such as in optical imaging to detect biological
tissues.”™ Whilst several studies focused on chiroptical switch-
ing at UV-Vis region®?” of N-doped helicenoids have been
reported, the modulation in the NIR region have only been
achieved in metal-based helicenoids® (Figure 1). In this
respect, herein, we go a step further and present the synthesis
and characterization of chiral N-doped distorted nanographene
and both the optical and the chiroptical properties are
controlled by pH and redox stimuli, showing characteristic new
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Figure 1. Top: selected previous examples of helical chiroptical switches in
the UV-Vis (up to 700 nm) and in the NIR region (by metal interactions).
Bottom: Previous (aza—)HBC-oct-[5]helicene and present N-doped analogue
acting as redox and pH chiroptical switch in the NIR.

Scheme 1. Synthesis of 1. Reagents and conditions. a) 2,3,4,5-tetrakis(4-(tert-
butyl)phenyl)cyclopenta-2,4-dien-1-one (4), Ph,0, reflux, 2 h, 70%; b) DDQ,
CF;SO;H, CH,Cl,, 0°C, 12 min, 28 %. Bottom left: DFT optimized geometry of
1.
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bands in the NIR region that can be easily modulated without
the need of using metals.

Results and Discussion

The synthetic route towards aza-HBC-oct-[5]helicene 1 is similar
to those previously reported,”? which is based on the
Beckmann rearrangement to insert the nitrogen atom and to
expand the seven-membered ring of dibenzosuberenone 2
(Scheme 1). Afterwards, the aza-hexaphenylbenzene 5 was
prepared by Diels-Alder reaction from the described aza-cyclo-
benzooctyne 3 and cyclopentadienone 4 (70%). Subsequently,
oxidative cyclodehydrogenation of 5 using Rathore conditions
(DDQ/CF;S0;H)™ provided selectively 1 in a moderate yield
(28 %).

This N-doped nanographene is very soluble in common
organic solvents, allowing its full characterization by means of
'H- and "*C NMR spectroscopy and HRMS. The position of the
helicene was assigned by 2D NMR experiments (Figures S11-
S14) and it is localized close to the nitrogen of the imine group.
Unfortunately, we were not able to obtain suitable crystals of 1
for X-ray diffraction. Therefore, we carried out its geometrical
optimization (DFT-CAM—B3LYP/6-31G(d,p)) leading to a highly
distorted structure (Scheme 1, bottom left). The saddle curva-
ture induced by the octagonal ring reaches 2.3 A deep and the
maximum dihedral angle described by the helicene (66.4°) is
similar to the one observed for the all-carbon HBC-oct-
[5]helicene (66.8°) previously reported by our research group
(Figure 1, bottom left)” and the N-doped HBC-oct-[5]helicene
(67.6°) reported by P. An et al.”® In addition, the angle between
the two planes described by the terminal rings of the
[5]helicene of 1 (78.9° Figure S25) is again in good agreement
with the HBC-oct-[5]helicenes, slightly superior than other
related analogues such as Rajca’s oct-[5]helicene (72.4°)%% or
Narita’s HBC-hept-[5]helicene (77.3°)®" and, lower than the
actual value of An’s aza-HBC-oct-[5]helicene (87.4°). This differ-
ence might be due to the presence of different substituents.””

After its unequivocal characterization, the optical and
electronic properties of 1 were investigated. The absorption
spectra in CH,Cl, (Figure 2, top, solid line), show a maximum at
351 nm (6=85x10*M~" cm™) in the same range as their all-
carbon analogues and red-shifted compared with aza-
[5]helicenes (261 nm), as expected from the larger m-extension
of 157 The absorption onset corresponds to an optical band
gap of 2.97 eV (417 nm, calculated from the crossing of the
slope of the last absorption band with the abscissa axis), which
is slightly higher than those found for HBC-oct-[5]helicenes. In
addition, upon excitation at 370 nm, there is a broad emission
band centered at 457 nm that is not red-shifted in comparison
with all-carbon analogue (Figure 2, top, dashed line). The study
of the fluorescence quantum vyield (¢f) in CH,Cl, revealed that
N-doping represents an improvement since 1 doubles the ¢
value (4%) compared with the fully carbonated HBC-oct-
[5]helicene analogue (2%)” and also resulted higher than
reported value by An etal. (0.7%).”® Considering the known
effect of the solvent in the relaxation of the excited state, we
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Figure 2. Top: UV/Vis absorption (solid line) and fluorescence spectra
(Aexe=370 nm, dashed line) of 1 (CH,Cl,, c.a. 1.5x 107> M). Bottom: ECD (left,
250-425 nm, solid line) and CPL spectra (right, 425-600 nm, dash line,
Aexe=370 nm) of first (yellow, M-1) and second (blue, P-1) CSP-HPLC eluted
fractions in CH,Cl, (c.a. 1.5x107° M) at rt.

also analyzed the behavior of compound 1 in solvents with
different polarity. Thus, we observed that ¢ increased in polar
aprotic solvents such as MeCN and THF (9% and 11%,
respectively, Table S1). Regarding the average fluorescence
lifetime (z,,), @ good value of 17 ns in CH,Cl, was observed, in
the same range as all-carbon analogue (13 ns)” and higher
than reported N-doped analogue (5 ns).”®’ When the solvent
was changed, the rt,, value was maintained, reaching a
maximum of 22 ns for 1 in THF (Table S1). Thus, N-doping also
means a slight improvement in the 7,, of these systems if we
compare with the non-doped analogue (13 ns),” as long as an
increase of the fluorescence quantum yields which implies an
advantage considering sensing applications.

Additionally, we evaluated the electrochemical properties of
1 in MeCN (ca. 1.5 mM) by cyclic voltammetry (Figure S6). One
partially reversible oxidation wave was observed, with a half-
wave oxidation potential 0.89V (vs FeCp,"/FeCp,). Thus, the
HOMO energy (-5.99 eV) is in the same range than HBC-oct-
[5]helicenes.”

Enantiomeric resolution of racemic 1 was achieved by chiral
stationary phase HPLC (CSP-HPLC) leading to two well-resolved
peaks corresponding to the expected M/P-1 enantiomers (Fig-
ure S1). Racemization studies of enantiopure 1 showed that
neither racemization nor decomposition occurred when a
solution of the second CSP-HPLC fraction in n-heptane was
heated at 70°C for 5 h. This means that we could establish a
low limit of the corresponding isomerization barrier (AG™(T))
and ensure that the real value is higher than 27.0 kcalmol™ at
343 K (Figure S5), which is already slightly higher than Rajca’s
oct-[5]helicene  (24.4 kcalmol™")*® and Narita’s HBC-hept-
[5]helicene (25.4 kcalmol™'),"" but lower than the real value
established for its all-carbon analogue (37.4 kcalmol™")."”

The enantiomeric resolution and the adequate configura-
tional stability allowed performing the study of the chiroptical
properties both in absorption by the electronic circular
dichroism (ECD) and in the emission by the circularly polarized
luminescence (CPL). The ECD spectra in CH,Cl, display mirror
images for both enantiomers of 1 (Figure 2, bottom, solid lines),
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with a similar profile to the one reported by An.”® The first CSP-
HPLC eluted peak showed a negative Cotton effect at 352 nm (|
Ag| =551 M"cm™, |gas| =6.5%x 1077 Figure 2, bottom, yellow
solid line), very similar to the all-carbon HBC-oct-[5]helicene
(7.6x107%). ' The configurations of the two enantiomers were
assigned by the comparison of the experimental ECD with the
TD-DFT simulated ECD spectra (Figure S26). Thus, the first CSP-
HPLC fraction of 1 was assigned to (M)-enantiomer and the
second to the (P)-one. Besides, the theoretical study allowed us
to establish the first transition Sy—S;, which is hardly percep-
tible in the experimental spectra, around 432 nm with a
theoretical | g, | of 1.1x107°.

On the other hand, having an enantiopure emissive
compound in hands, we studied the CPL of the aza-HBC 1 in
CH,Cl,. As expected, the CPL sign of each enantiomer gave the
opposite and in good correlation with the sign of the
theoretical longest wavelength ECD signal (Figure 2, bottom,
dashed lines). The CPL spectra showed a maximum centered at
457 nm similar to the fluorescence spectrum, with a | g,,,| value
of 8.0x107* and a B, (brightness for CPL defined as £x qgx
Gum/2)®® of 1.40 M' cm™". Hence, although similar | g, | values
were observed for both all-carbon and N-doped distorted HBCs,
but remarkably the introduction of a nitrogen atom makes the
molecule photostable permitting to measure the CPL, contrary
to what happened in the all-carbon HBC analogue.”

As it was mentioned previously, motivated by the need for
NIR organic materials including NIR chiroptical materials,®¥
herein we develop a NIR chiroptical switch, in which the
different states can be modulated by different stimuli such as
redox or pH changes.

We started our study by examining the potential of an
oxidant agent such as nitrosonium hexafluorophosphate,
NOPF,, (1.0 V in CH,Cl, and 0.87 V MeCN vs FeCp,"/FeCp,)®” to
oxidize 1 to its radical cation form [1]°*. First, the chemical
titration upon addition of the oxidant was followed by means
of "H NMR spectroscopy leading to a clear signals broadening
(Figure S21), suggesting the formation of paramagnetic radical
species. To confirm this hypothesis, the absorbance spectra of
the oxidized species, both chemically (Figure 3A) and electro-
chemically (Figure 3B) generated, were measured in different
solvents. In both approaches, a new near-infrared band in the
range 700-900 nm (with the maximum at around 800 nm)
appeared, which is attributed to the formation of radical
species. The absorption spectrum obtained upon addition of
NOPF; is not identical in the different solvents used, i.e. CH,Cl,,
CHCl; and MeCN (Figure 3A) which suggests that the process
depends on the standard reduction potential of NOPF, in each
solvent, which would lead to distinct oxidized species of 1. This
can be clearly observed in the absorbance spectrum chemically
generated in MeCN where the curve can be deconvoluted to
three main bands centered at 727, 796 and 859 nm, indicating
the simultaneous presence of three oxidized species (Figure 3A
yellow and inset). In the case of the spectroelectrochemical
measurements, again different solvents were used (Figure 3B)
and the shape of the NIR absorption band varies in each case
on the potential reached (Figures S18-S20). Moreover, only one
clear isosbestic point is observed in all solvents, which indicate
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Figure 3. A) UV-Vis-NIR absorption spectra of 1 (6x 107> M) in CH,Cl, (cyan)
and upon addition of NOPF (excess) in: MeCN (yellow), CH,Cl, (red), CHCl,
(navy). Inset: Deconvolution of the UV-Vis-NIR absorption spectrum of the
oxidized species of 1 in MeCN. B) Spectroelectrochemistry measurements of
1 (8x107* M) in different solvents: CH,Cl, neutral (grey) and + 1.3 V (red);
MeCN + 1.6 V (yellow) and CHCl; + 1.5 V (blue). C) Simulated UV-Vis-NIR
spectra of the different oxidized species of 1 in CH,Cl,: [11°" (red), [1]***
(yellow) and e+ (green). D) Full reversible spectroelectrochemistry
measurements of 1 (2x 107> M) in CH,Cl, at initial (black), 0 V (yellow),

+ 1.3V (red) and back to —0.2 V (cyan).

the equilibrium between oxidized and neutral species of 1
(Figure S20).

In order to shed light into the observed species, we
performed geometrical optimization and theoretical UV/Vis
spectra of the following possible oxidized species of 1: radical
cation [1]°*, diradical dication [1]*** and dication [11**. The
theoretical results show that the three species are close in
energy and present close absorption bands in the same region
(Figure 3C). After comparing experimental and theoretical
results we could tentatively assign the band close to 850 nm to
[1] **, the band near to 800 nm to [1]*** and, finally, the band
proximate to 700 nm to [1]*T. The diradical dication species
[11%* (triplet) is isoelectronic compared with the dication [1]**
(singlet) and both species may evolve one into the other since
the theoretical energies are quite similar for both species, only
0.14 kcal mol™" approximately of difference between them.

Therefore, these results suggest that both methods, chemi-
cally and spectroelectrochemically, are appropriate to generate
the radical species of 1. Furthermore, we studied the redox
switching and a fully reversibility of the process upon
oxidation/reduction was observed in the first electrochemical
cycle (Figure 3D). In the next cycles, reversibility is not complete
probably due to some precipitation observed. In this sense,
partial reversibility of the process upon chemical oxidation/
reduction in MeCN is also observed although again the neutral
specie is not fully recovered, probably due to the excess of
reagents required (Figure S16).

Additionally, the results of the electron paramagnetic
resonance (EPR) spectroscopy have confirmed the presence of
radical species when 1 is oxidized chemically and spectroelec-
trochemically. The spectrum shows the coexistence of two
species appearing at different g-factors corresponding to two
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different radical species (Figure 4A). Both show a three-line EPR
spectrum due to the coupling of the electron/s with an N atom
but with different coupling constants. One of them (g-factor=
2.0067, Figure 4A, in circles) presents a smaller coupling
constant (ay=6.3 G) indicating that the electron is delocalised
all over the molecule and the other (g-factor=2.0042, Fig-
ure 4A, in asterisks) has a larger coupling constant (ay=30.1 G),
indicating that the electron is localised on the nitrogen atom.
To sum up, the NMR, UV/Vis and EPR studies are in good
agreement with the formation of oxidized species observed of
1 upon oxidation.

Finally, considering that a new absorption band in the NIR
region is easily generated upon oxidation, we added NOPF; in
excess to enantiopure M/P-1 to ensure their oxidation and
measured ECD spectra of the resulting species. Both enantiom-
ers display a new band around 800 nm with opposite sign that
it is not observed in the neutral enantiomers matching the sign
of the last band of the corresponding neutral enantiomer. This
result is remarkable since it proofs that the chiroptical response
of 1 in the NIR region can be modulated via redox changes.

Another approach to tune the properties of these com-
pounds is to take advantage of the ability of the nitrogen atom
to be sensitive to pH changes. In this sense, the optical
properties of 1 were modulated in both absorbance and
fluorescence by means of acid/base addition. In both cases, by
adding trifluoroacetic acid (TFA), the signal decreased in the
maximum, changing the color of the solution, from uncolored
to pale yellow (Figure 5A/B, from yellow to red). In addition, an
isosbestic point appears in the absorbance spectrum at almost
400 nm indicating the presence of another specie, highly
probable the protonated 1-H* (Figure 5A). Actually, a new band
again in the NIR region is observed, very similar to the bands of
the oxidized compounds (Figure 5A, inset). This new band in
the NIR region is also well predicted by theoretical calculations
(Figure S28). Notably, the addition of a base such as triethyl-
amine (TEA) promoted the quasi or full recovery of the original
spectra, in absorbance and fluorescence, respectively (Fig-
ure 5A/B, from red to green). Remarkably, several cycles were
performed both in absorbance (Figure S23) and fluorescence,
reaching one cycle in absorbance and three fully reversible
cycles (acid-base) in fluorescence where the emission can be

MA
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Figure 4. A) Two 3-line EPR spectra marked with asterisks (g=2.0042,
ay=30.1 G) and circles (g=2.0067, ay=6.3 G) as contribution of two
different oxidized (paramagnetic) species. The corresponding UV-Vis-NIR
absorption spectrum of this sample is shown in Figure 3A-navy and inset. B)
ECD spectra at the NIR region (750-850 nm) of M/P-1 in CH,Cl, (1.3x107° M)
before (M in yellow; P in blue) and upon addition of an excess of NOPF, (M
in yellow; P in blue).
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Figure 5. A) UV/Vis response of 1 in CH,Cl, (yellow, 2.5x 10~> M) and after
consecutive addition of acid (TFA, red) and base (TEA, green). B)
Fluorescence spectra (A.,.=370 nm) of 1 in CH,Cl, (yellow, 2.5x 10~ M) and
after consecutive addition of acid (TFA, red) and base (TEA, green). Inset: In
situ on-off switching of the fluorescence emission of 1 in CH,Cl,

(2.5%107° M) after consecutive additions of acid (TFA, red) and base (TEA,
green), A..=370 nm. Q) In situ off-on switching of the NIR-CD response of 1:
NIR-CD spectra of 1 in CH,Cl, (8.5x 10~° M; M-1, yellow; P-1, blue, top) and
after consecutive addition of acid (TFA, middle) and base (TEA, bottom). D)
In situ on-off switching of the CPL emission of 1: CPL spectra (4, =370 nm)
of 1in CH,Cl, (1.2x 107> M; M-1, yellow; P-1, blue, top) and after consecutive
addition of acid (TFA, middle) and base (TEA, bottom).

switched on-off just by adding acid-base (Figure 5B, inset). This
reversibility of the system is also observed in 'HNMR (Fig-
ure S24) where the addition of TFA may form the corresponding
ammonium salt of 1, widening the signals, and the subsequent
incorporation of TEA returned to the initial neutral form of 1.

Such interesting switching process was also interrogated for
the chiroptical properties. To do that, both enantiomers of 1
were protonated under the same conditions as before and the
ECD spectra of the new band was recorded in the NIR region
(Figure 5C). Each enantiomer displays a new band around
800 nm with opposite sign that it is not present in the neutral
enantiomers. In addition, the sign of the new band matches the
sign of the last band of the corresponding neutral enantiomer
with a | g | value of 1.2x 107> at 813 nm, in concordance with
the theoretical first transition of the neutral enantiomer. Those
results are the proof-of-concept that N-doped distorted HBC 1
works as a NIR chiroptical switch via pH changes.

In terms of CPL, when the enantiomers of 1 are protonated,
their CPL emission is quenched in the 400-700 nm and,
remarkably, the TEA addition recovers the CPL activity, analo-
gous to the fluorescence emission, confirming again the
reversibility of the system (Figure 5D). Although we were not
able to observe the emission of the new protonated species
due to the available measuring range, those results show that
the CPL emission can be easily switched off-on by consecutive
acid-base additions.
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Conclusions

In conclusion, another member of the chiral saddle-shaped HBC
family has been synthesized, namely the aza-HBC-oct-
[5]helicene. For the first time, the chiroptical properties of a
chiral N-doped nanographene have been modulated by means
of redox and pH changes as external stimuli. In both cases, a
new absorption band appears in the NIR region after the
addition of an oxidant or an acid, forming the corresponding
oxidised or protonated species. Therefore, the chiroptical
response of 1 can be modulated in the NIR in terms of CD.
Analogously, the CPL response of 1 can be adjusted by
changing the pH of the media. In both cases, the reversibility of
the system was confirmed. Thus, these results demonstrate that
compound 1 can act as a chiroptical switch. We consider that
the multi optical response switching described here, in
particular the chiroptical one, for which the NIR band can be
modulated by changing the pH and the redox state is a
remarkable achievement for future applications based on this
phenomenon.
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