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Hierarchical chirality observed from chiral supramolecular assembling of racemic and
enantiopure helicene derivatives on silica nanohelix surfaces

publié le 18 décembre 2024 dans Nanoscale : Nanoscale, 2025,17, 5081-5089

Nanami Hano, Nicolas Zigon, Balamurugan Kuppan, Ludmilla Sturm, Nicolas Vanthuyne, Emilie Pouget, Sylvain Nlate,
Harald Bock, Fabien Durola, Narcis Avarvari and Reiko Oda

Cast films of racemic helicene derivatives adsorbed onto the surface of nanometric silica helices with
controlled handedness exhibited distinct CD signals, whereas no CD signal was observed in the absence
of silica nanohelices. These CD signals originate from the helical supramolecular assemblies formed by
the racemic mixture of helicenes, with no evidence of enantiospecific adsorption. Interestingly, when
enantiomerically pure forms of these helicenes were drop-cast onto the silica helices, different CD
spectra were observed depending on the combination of the helicenes’ handedness with that of the silica
nanohelices. In all cases, the sign of the CD signals was determined by the handedness of the silica
helices, with positive signals for right-handed helices and negative signals for left-handed helices.
Furthermore, the wavelength of the CD signal maxima is dictated by the combination of the handedness
of both the helicene and silica helix and shifts from 250 to 340 nm when they have matching handedness.

Introduction

Carbohelicenes, which are composed of multiple helically connected
aromatic rings, are known for their strong optical

rotation and pronounced circular dichroism due to their

unique helical structure. Numerous studies have reported the
synthesis of carbohelicenes exhibiting these strong chiroptical
signatures.1-s A variety of novel materials have been developed
based on helicenes, including liquid crystals, nonlinear optical
materials, and Langmuir—Blodgett films.s,7 Considerable

research has focused on carbohelicene derivatives featuring
various functional groups, such as alkoxy,s-10 carboxyl,11-13

and amino groups.14-16 Some of us have reported the synthesis

of various carbohelicene derivatives from [4]helicene-carboxylic
acidizto [6]helicene-acenones.1s Carbohelicenes with a

small number of benzene rings, namely [4]helicene and [5]
helicene, are known to racemize easily at room temperature,
making it challenging to evaluate their optical properties and
structures.19

We previously reported the preparation of silica nanohelices
using organic nanohelices as templates, formed by the selfassembly
of a cationic gemini surfactant with a tartrate counterion.

20 The induction of chiroptical signals in achiral molecules

was observed by replacing tartrate with achiral species,

such as anionic polyaromatic chromophores,21 anthracene carboxylate,
22and dihydroxy-naphthalene2s within silica-coated

organic nanohelices. We also reported that the adsorption of
achiral materials, such as perovskites,24 gold nanoparticles2s

and various achiral dyes,26-28 onto the surface of silica nanohelices
produces a similar effect.

Extensive research has been conducted on the adsorption

of amino acids and peptides on solid surfaces, revealing that

the stereochemical configuration of diastereoisomers significantly
affects their adsorption properties.29,30 In diastereospecific
adsorption on solid surfaces, the adsorption strength and

position vary among isomers, and a specific diastereoisomer

may be preferentially adsorbed.31-33 This phenomenon has been
utilized to enhance the accuracy of molecular recognition and
fractionation, playing a crucial role in understanding the influence
of surface chemistry on adsorption behavior. Moreover, this
specific adsorption behavior holds potential applications in
asymmetric synthesis and the control of catalytic reactions.

In this paper, we demonstrate that racemic helicene derivatives
adsorbed onto the surfaces of silica nanohelices exhibit

intriguing chiroptical signals, despite the significant difference

in the scale between the two chiral structures: the silica
nanohelices measure approximately 100 nm, while the helicene
derivatives are at the molecular scale with a radius of

about 1 nm.

Experimental
Materials

N,N’-Dihexadecyl-N,N,N’,N’-tetramethylethylene diammonium
with - or L-tartrate (gemini surfactant with o- or L-tartrate) was
synthesized by a previously reported procedure.20 Ethanol
(96.9-97.2%), N,N,N’,N’-tetramethylethylene, 1-bromohexadecane,
silver acetate, o-(-)-tartaric acid, .-(+)-tartaric acid, tetraethyl
orthosilicate (TEOS) and (3-aminopropyl) triethoxysilane

(APTES) were purchased from Sigma-Aldrich (Darmstadt,
Germany). [4]helicene carboxylic acid (T1C)34,35 was synthesized
according to reported procedures; [5]helicene tetracarboxylic

acid (P4C) and [6]helicene tetracarboxylic acid (H4C)

(Fig. 1) were synthesized following an established procedure

based on the Perkin strategy,3s while [6]helicene carboxylic

acid (H1C) was prepared through a slightly modified procedure
described hereafter. In this study, the P-type (right-handed)

and M-type (left-handed) [6]helicene carboxylic acids are abbreviated
as P-H1C and M-H1C, respectively, and racemic mixtures

of helicenes were prefixed with rac- (rac-T1C, rac-H1C,

rac-P4C and rac-H4C, respectively).

Methyl (E/Z)-[4]helicene-4-vinylbenzoate. [4]Helicene-2-
methyltriphenylphosphonium bromide (0.60 g, 1.03 mmol, 1
equiv.) was suspended in 20 mL of dry THF under an argon
atmosphere. The mixture was cooled down to -78 °C and

nBuli (0.71 mL, 1.6 M in hexane, 1.13 mmol, 1.1 equiv.) was
added dropwise. After 30 min at =78 °C, it was warmed to
room temperature and stirred for one hour. The mixture was
cooled down again to -78 °C and methyl 4-formylbenzoate

was added (0.177 g, 1.08 mmol, 1.05 equiv.). The mixture was
stirred for 10 min at -78 °C, then warmed to room temperature
and left at RT overnight. After filtration on Celite and concentration
under vacuum, column chromatography (SiO2,

CH2Cl2: PE=4:6t0 6 : 4) yielded the target compound as a
yellow solid (0.37 g, 92%, mixture of Z/E isomers). 1H NMR

(300 MHz, CDCls): & (ppm) 9.20 (s, 0.4 H), 9.17 (s, 0.2H), 8.98

(s, 0.6H), 8.46 (d, ) = 8.6 Hz, 0.6 H), 8.15-7.65 (m, 9.8 H),
7.63-7.47 (m, 3H), 7.41-7.26 (m, 1.35H), 7.02 (d, J = 12.1 Hz,
0.6H), 6.81 (d, J = 12.1 Hz, 0.6H), 3.99 (s, 0.9H), 3.93 (s, 2H)

(Fig. S7t). 13C NMR (75 MHz, CDCl3): & (ppm) 167.04, 166.99,
142.47, 142.00, 134.88, 134.69, 133.73, 133.53, 133.50, 133.05,
132.79, 131.96, 131.51, 131.34, 130.72, 130.48, 130.42, 130.22,
129.95, 129.91, 129.37, 129.19, 129.07, 128.84, 128.78, 128.63,
128.55, 128.08, 127.88, 127.85, 127.82,127.74, 127.57, 127.52,
127.37,127.28, 127.25, 126.98, 126.90, 126.56, 126.52, 126.46,
126.29, 126.11, 125.99, 123.31, 77.58, 77.16, 76.74. R¢(SiO2,
CH2Cl2: PE 4 : 6) =0.33. MS (MALDI) m/z = 387.9, theor. calc.
388.1 (M.+) (Fig. S8 and S9t).



Methyl [6]helicene-15-carboxylate. Methyl [4]helicene-4-
vinylbenzoate (0.37 g, 0.95 mmol, 1 equiv.) was dissolved in
700 mL of degassed toluene in a photoreactor. lodine (0.27 g,
1.05 mmol, 1.1 equiv.) and propylene oxide (3.5 mL) were
added and the mixture was irradiated with an immersion lamp
(150 W) for 16 hours. After evaporation of the solvent, column
chromatography (SiO2, PE:CH2Cl26 : 4 to 2 : 8) was performed.
The compound was dissolved in a minimal amount of CH2Cl2
and precipitated with PE. Methyl [6]helicene-15-carboxylate
was obtained as a yellow solid (0.19 g, 52%). The resolution of
the enantiomers was performed by chiral HPLC (see the ESI).

1H NMR (300 MHz, CDCl3): & (ppm) 8.38 (s, 1H), 8.08-7.77 (m,
11 H), 7.53 (d, J = 8.5 Hz, 1H), 7.18 (d.d., ) = 7.2 Hz; 7.1 Hz,

1H), 6.65 (d.d., J = 8.2 Hz; 7.2 Hz, 1H), 3.59 (s, 3H) (Fig. S10%).
13C NMR (75 MHz, CDCl3): & (ppm) 166.81, 134.35, 133.43,
132.55, 131.69, 131.53, 130.87, 130.24, 129.51, 129.04, 128.97,
128.53,127.97,127.93, 127.83, 127.76, 127.62, 127.51, 127.37,
127.24,127.05, 126.54, 125.91, 125.82, 125.25, 124.75, 124.09,
51.50. R¢(SiO2, CH2Cl2: PE 4 : 6) = 0.3 (Fig. S11 and S121).

[6]Helicene-11-carboxylic acid (H1C). Methyl [6]helicene-15-
carboxylate (0.19 g, 0.49 mmol, 1 equiv.) and MeONa (7.96 g,
147 mmol, 300 equiv.) were dissolved in 100 mL of MeOH and
10 mL of H20. After 7 days of reflux, the solvent was evaporated
to a volume of approx. 50 mL. H20 (150 mL) was added
followed by HCl 10% until pH = 2 (ca. 150 mL). After filtration,
the residue was washed with cold EtOH and dried under
vacuum to yield H1C as a white solid (0.18 g, quant.). 1H NMR
(300 MHz, DMSO-ds): & (ppm) 8.25-7.96 (m, 11H), 7.89 (d, J =
8.0Hz,1H),7.72(d.d.,,J =8.3Hz; 1.6 Hz, 1 H), 7.39 (d, ) =

8.7 Hz, 1 H), 7.23 (d.d., J = 7.3 Hz; 7.3 Hz, 1 H), 6.66 (d.d., J =
8.2 Hz; 8.0 Hz, 1 H) (Fig. S131). HR (MALDI) m/z = 372.1154,
theor. calc. 372.1145 (Me+).

Preparation of aminated silica nanohelices

The preparation of silica nanoheliceszo and the amination of their
surface were performed through the following four steps (Fig. 2).
Formation of organic nanohelices. Organic nanohelices

were prepared by the self-assembly of a gemini surfactant with
either L- or p-tartrate in water. The gemini surfactant with
L-tartrate self-assembles to P-type (right-handed) helices,
whereas with p-tartrate, they form M-type (left-handed) helices
(Fig. S1a and bt). A 3.57 mg sample of the surfactant was dispersed
in 5 mL of water using ultrasonic irradiation and then

solubilized by heating at 60 °C for 10 min in a water bath. The
solution was cooled down and incubated at 20 °C for 4 days.

Preparation of silica-coated nanohelices (hybrid nanohelices).
Separately, 0.5 mL of TEOS was mixed with 10 mL of

an aqueous solution of L- or p-tartaric acid (0.1 mM) and stirred
at 20 °C for 7 hours. Then, 5 mL of this acid solution was added
to the organic nanohelix dispersion and allowed to react at 20 °C
for 20 hours, during which polycondensation of TEOS occurred.

Silica-coated organic nanohelices (hybrid nanohelices) were collected

by centrifugation and washed with cold water.

Removal of organic components. The organic components
inside the hybrid structure were removed by washing with
ethanol (3 times, 60 °C, 10 min) and isopropanol (3 times,

60 °C, 10 min). After thorough washing, the silica nanohelices
were dispersed in ethanol.

Amination of silica nanohelices. Finally, 1.0 g of APTES was

added to 5 mL of silica nanohelix dispersion (0.5 mg mL-1)

and stirred at 80 °C for 24 hours in an oil bath. TEM images of

the silica nanohelices after amination showed that the helical
shape was preserved (Fig. S1c and dt). The aminated silica
nanohelices were then washed with ethanol 3 times to obtain

the final product. After surface treatment, aminated silica
nanohelices (ASNHs) showed —NH stretching vibrations originating
from amino groups around 1560 cm-1. In addition, it

was observed that the CH stretching vibration derived from the

alkyl group increased around 2980 cm-1and the OH stretching
vibration decreased around 3300 cm-1. These results suggest
that the silanol groups on the silica nanohelix surface are
reduced and the amino groups are modified (Fig. S2t).
Hereafter, right- and left-handed aminated silica helices
(ASNHs) are denoted as P-S and M-S, respectively.

Preparation of drop-cast films with silica nanohelices and
various helicene derivatives

The procedures for preparing drop-cast films of aminated
silica nanohelices and helicene-grafted silica nanohelices are
illustrated in Fig. S3.T For the aminated silica nanohelices,

50 pL of an ethanol dispersion (1 mg mL-1) was drop-cast onto

a quartz glass substrate (1 cm x 1 cm) and dried at room temperature.

In the case of helicene-grafted silica nanohelices, they
were suspended in DMF, and 50 uL of the dispersion was
drop-cast and dried at room temperature.

Characterization

Surface characterization. Characterization of organic components
after surface modification of silica nanohelices was

performed using attenuated total reflection (ATR, Everest) with
Fourier transform infrared spectroscopy (ATR-FTIR, Thermo
Fisher Scientific Inc., Waltham, USA). Silica nanohelix

powders before and after surface modification were placed on
ATR crystals (diamond) and measured in the range from 500 to
4000 cm-1with a resolution of 8 cm-1.

Morphological analysis. The morphology of the silica nanohelices
was characterized using transmission electron

microscopy (TEM, CM120, Philips, Amsterdam, Netherlands).
TEM observation samples were prepared by dropping 7 uL of
silica nanohelix/ethanol dispersion (0.04 pg pL-1) onto a

carbon supported copper grid and drying without staining.

The observation was performed at 120 kV.

Chiroptical and UV-Vis measurements. Circular dichroism

(CD) and UV-visible (UV-Vis) absorption spectra of the silica
nanohelices and helicene mixtures were recorded using a CD
spectropolarimeter (J-815, JASCO Corp., Tokyo, Japan)

equipped with a 1 mm path length quartz cell. Diffuse reflectance
circular dichroism (DRCD) and UV-Vis spectra of the

drop-cast films were obtained using an integrating sphere
(DRCD-575) attached to the J-815.

Circularly polarized luminescence (CPL) and fluorescence
measurements. CPL and fluorescence spectra of the drop-cast
films were measured using a CPL spectrophotometer

(CPL-300, JASCO Corp., Tokyo, Japan). The measurements

were carried out with an HT voltage of 700-750 V. Emission
was detected in the wavelength range of 400-800 nm. Samples
were excited using monochromatic light sources with excitation
wavelengths of 295 nm (rac-T1C), 300 nm (rac-H1C) and

330 nm (rac-P4C and rac-H4C), respectively.

Results and discussion

Investigation of helicene enantiomer adsorption selectivity on
silica nanohelices

To examine whether these helicenes exhibit enantioselective
adsorption on right- and left-handed ASNHs (P-S or M-S), a
racemic [6]helicene solution (rac-H1C or rac-H4C) was mixed
with an ethanol dispersion of ASNH and stirred at 20 °C for

24 hours in a roller mixer set at approx. 30 rpm. The composition
ratios of the ASNH (P-S or M-S) and helicenes (rac-H1C

or rac-H4C) are summarized in Table 1. In the mixture, the

final concentrations of rac-H1C and rac-H4C were 0.5 mM and
0.3 mM, respectively, with P-S or M-S concentrations set at
either 1.0 mg mL-10r 0.2 mg mL-1. After 24 hours of mixing,
centrifugation (29 500g, 20 min) was performed to separate the
supernatant from the precipitate. The precipitate was then



redispersed in 0.5 mL of ethanol, and CD measurements were
conducted (Fig. 3). For H1C, the majority (81%) remained in

the supernatant, as confirmed by the absorption signal

(Fig. S4dt). However, a weak absorption signal corresponding
to a helicene was observed in the UV-Vis spectra of the precipitates
(P-S1.0@rac-H1Co.sand M-S1.0@rac-H1Cos) (Fig. 3d), indicating
that rac-H1C was partially adsorbed onto the surface of

the silica nanohelices. No CD signals were detected in either
the supernatant or the redispersed silica nanohelices (Fig. S4at).
A higher percentage of rac-H4C was adsorbed onto the

silica nanohelices compared to rac-H1C, with 70-76% of rac-
H4C bound to the nanohelices and 24—-30% remaining in the
supernatant (Fig. S4et). Positive CD signals were observed for
P-S1.0@rac-H4Co.3 and negative CD signals for M-Si1.0@rac-
H4Co.3 from the redispersed ASNH (Fig. 3b), while no CD

signals were detected in the supernatants (P-Si.o@rac-H4Co.3
and M-S1.o0@rac-H4Co3) (Fig. S4bt). The higher amount of
adsorption of rac-H4C onto the ASNH compared to that of rac-
H1C can be attributed to the presence of four carboxyl groups,
which interact with the amino groups on the silica surface via
many interaction points. When a five times lower concentration
of ASNH was mixed with rac-H4C, the CD signals from

the redispersed precipitates decreased (P-So.2@rac-H4Co.3 and
M-So.2@rac-H4Co:3) (Fig. 3c). This reduction in CD signals

is due to the lower available surface area of the ASNH, which
decreased the amount of adsorbed rac-H4C. Absorption

spectra indicated that 79-86% of rac-H4C remained in the
supernatant. In all cases, no CD signals were observed in the
supernatants, suggesting that the helicene molecules adsorbed
onto ASNH were in a racemic form, with no enantiomeric
selectivity observed during the adsorption process. The high
racemization barrier for [6]helicenes (around 150 kJ mol-1)
makes a change of conformation upon adsorption of the molecules
unlikely at a temperature of 60 °C and on the timescale

of the experiment.37

Interestingly, when the redispersed suspensions of the

ASNH with helicenes were drop-cast onto quartz glass (1 cm x

1 cm), distinct DRCD signals were observed, even for samples
that did not show any CD signals in suspension (Fig. 4a and

c). P-S1.o@rac-H1Cos—precipitate and M-S1.0@rac-H1Cos—precipitate
exhibited positive and negative CD signals, respectively

(Fig. 4a), while P-So.2@rac-H4Co.3—precipitate and M-So.2@rac-
H4Co.s—precipitate also showed positive and negative CD

signals (Fig. 4c). For P-S1.0@rac-H4Co3—precipitate and
M-S1.0@rac-H4Co.s—precipitate, which already exhibited CD
signals in suspension, the signals from the drop-cast films

were approximately 10 times stronger (Fig. 4b).

These results indicate that in all cases, helicenes were successfully
adsorbed onto the silica surface. Upon drop-casting

and drying the complex nanohelices with helicenes, a strong
enhancement of the CD signals was observed.

Preparation of drop-cast films with ASNHs and various
helicene derivatives

Drop-cast films were prepared using four different helicene
derivatives along with right- and left-handed ASNHs (P-S and
M-S), and their CD signals were measured. Table 2 summarizes
the composition ratios of the ASNHs and helicenes. The DRCD
and UV-Vis absorption spectra of these drop-cast films are
shown in Fig. 5. In all the films, helicene-related absorption

was observed in the 200-400 nm wavelength region, along with
distinct CD signals. Note that for these spectra, first, the substrates
were prepared by drop-casting and drying the suspension

of ASNHs. Then the solutions of helicenes were drop-cast

and dried. Therefore, differently from the films analyzed in

Fig. 4, in which only helices in interaction with ASNHs are
drop-cast on the substrates, the films analyzed in Fig. 5

contain excess amount of helicenes that is not adsorbed on

the silica helix surface.

For rac-T1C and rac-H1C, positive and negative CD spectra

were detected for P-S@rac-T or H1C and M-S@rac-T or H1C,
respectively (Fig. 5a and b). In the case of rac-P4C and rac-H4C
helicenes, similar CD signals were observed, where P-S@rac-

P/HA4C exhibited a positive CD signal at around 250 nm and a
negative signal at around 350 nm, while M-S@rac-P/H4C displayed
the opposite trend (Fig. 5¢c and d).

It is important to note that rac-T1C and rac-P4C ([4]helicene

and [5]helicene) are known to racemize easily, suggesting that

the helicene handedness may change upon interaction with

the silica nanohelices’ surface. In contrast, rac-H1C and rac-

H4C ([6]helicenes) are structurally stable under ambient conditions,
making their handedness less likely to change.371n all

cases, drop-cast films of helicenes without ASNH exhibited no

CD signals, indicating that the CD induction is a result of the
helicene adsorption onto the silica nanohelices’ surface.

When comparing the drop-cast films of rac-H1C and rac-

HA4C, which have different numbers of substituted carboxylic

acids (Fig. 5b and d), the intensity of the CD signal at around

350 nm for the four-carboxylic acid rac-H4C was lower than

that of rac-H1C. As previously reportedzs and demonstrated
above, amino groups are present on the surface of silica nanohelices
after APTES modification and it is conceivable that

they may interact with carboxy groups of the helicenes through
intermolecular interactions such as hydrogen bonding. This
suggests that the large number of interaction points between
rac-H4C and the ASNH hinders the optimal organization of the
helicene molecules required for effective CD induction. In contrast,
rac-H1C, with only one point of interaction with the

ASNH, allows better molecular organization even after adsorption
onto the silica surface.

To verify whether enantioselective adsorption of helicenes

occurs on the ASNH, drop-cast films prepared with rac-H1C

and rac-H4C were washed with DMF, and the CD signals of the
washing solutions and the cast films after washing were

measured (Fig. S5at). The washing solutions from rac-H1C and
rac-H4C films showed helicene absorption, but no CD signals

were detected (Fig. S5b and cT). In contrast, the cast films
(P-S@rac-T1C or H1C and M-S@rac-T1C or H1C) retained their
symmetrical CD signals after washing. These results indicate

that the CD signals were induced in the racemic mixture of
helicenes adsorbed onto the silica nanohelices’ surface, rather
than arising from enantioselective adsorption.

Supramolecular assembly of helicene molecules on silica
surfaces

We then prepared drop-cast films using enantiomers of H1C.
Table 3 summarizes the composition ratios of ASNH and helicenes.
Fig. S6T shows the DRCD and UV-Vis absorption spectra

of drocast films prepared with the P-type H1C enantiomer

(P-H1C) and the M-type H1C enantiomer (M-H1C) in the presence
or absence of P-S and M-S.

The drop-cast films of P-H1C and M-H1C, with or without

ASNH, exhibited mirror-image signals. A positive (negative) CD
signal was observed at around 350 nm, while a negative (positive)
signal appeared at approximately 250 nm for P-H1C

(M-H1C), respectively, regardless of the handedness of the

silica nanohelices (Fig. S6t).

The CD spectra were symmetrical for the enantiomeric combinations.
The signals were enhanced when the ASNH and

helicenes had the same handedness (P-S@P-H1C and M-S@MH1C)
and attenuated when they had opposite handedness

(P-S@M-H1C and M-S@P-H1C). The drop-cast films of P-H1C

and M-H1C alone, without an ASNH, exhibited intermediate

CD signals compared to P-S@M-H1C and M-S@M-H1C, or
P-S@P-H1C and M-S@P-H1C. These results, along with the CD
signals observed for racemic H1C with P-S or M-S, suggest a
cooperative effect between the molecular chirality of H1C and

the helical supramolecular assemblies of H1C in contact with

an ASNH.

The origin of these CD signals observed in the presence of

silica nanohelices could be attributed to several possibilities:

Enantioselective adsorption. Selective adsorption of one
helicene enantiomer onto silica nanohelices, which depends
on the helicity of the latter, exhibits circular dichroism (CD)
signals.



Enantioenrichment through helicity conversion. In the case
of racemic helicenes, the handedness of the helicenes could
change during adsorption, leading to enantioenrichment and
CD signals based on the molecular chirality.

Helical supramolecular organization of helicenes in their
racemic form around silica nanohelices. The racemic helicenes
could form a helical supramolecular organization around the
silica nanohelices.

To explore these possibilities, several control experiments

were conducted. As described earlier, no enantioselective
adsorption was observed, as the supernatants consistently
showed no CD signals.

The drop-cast films of P-S or M-S@P-H1C or M-H1C were

further washed with DMF, followed by DRCD measurements

on the remaining films (Fig. 6). All cast films showed a

60-80% decrease in absorbance after washing. Based on our
previous report, the specific surface area of the silica nanohelices
was calculated to be approximately 300 m2g-1.38 Using

this value, the surface area of silica nanohelices in the cast

film (50 ug) was estimated to be 0.015 m2. When 0.1 umol (6 x
1016 molecules) of helicenes were initially drop-cast onto the
ASNH, and considering a 60-80% reduction through washing,

it is estimated that approximately 0.02—-0.04 pmol (12—-16 x 1015
helicene molecules) remained adsorbed on the 0.015 mazsilica
surface, which corresponds to ca. 1 molecule per nma. It is
noteworthy that from UV spectra, helicenes entrapped with
ASNH can be concluded not to strongly aggregate.

Interestingly, the DRCD spectra changed significantly before

and after washing. As shown in Fig. 6a, the CD signal which
shows a peak at around 340 nm corresponds to the molecular

CD signals of the enantiomers alone (Fig. S61). This signal was
enhanced when the helicenes were paired with an ASNH of the
same handedness (P-S@P-H1C and M-S@M-H1C) and suppressed
when paired with an ASNH of the opposite handedness
(P-S@M-H1C and M-S@P-H1C). After washing, the intensity

of this peak was significantly reduced (Fig. 6a). The postwash
signals resembled those of the racemic helicenes

adsorbed onto an ASNH. This suggests that the peak at

340 nm originates from loosely attached, non-organized helicene
molecules, which primarily exhibit molecular CD-based

signals (outer layer) (Fig. 6d). As a result, this peak is not
observed for racemic helicenes adsorbed onto an ASNH

(Fig. 5b). After washing, the CD signals are primarily dominated
by the CD contributions of helically assembled helicenes.

Notably, the CD signals of racemic helicenes adsorbed

onto an ASNH also changed after washing, exhibiting a blue

shift (P-S@rac-H1C and M-S@rac-H1C) (Fig. 6¢). The DRCD

and UV-Vis absorption spectra of the washed cast films for
P-S@P-H1C, P-S@M-H1C, and their combined spectra (P-S@PH1C
+ P-S@M-H1C), as well as M-S@P-H1C, M-S@M-H1C, and

their combined spectra (M-S@P-H1C + M-S@M-H1C), are compared
to the spectra of racemic helicenes with an ASNH

(Fig. 7a and b). For P-S@P-H1C and M-S@M-H1C, which are
combinations of helicenes and ASNHs with the same handedness,
symmetric CD signals were observed over the wavelength

range of 220—400 nm. In contrast, for P-S@M-H1C and M-S@PH1C,
combinations of helicenes and ASNH with opposite

handedness, the CD signals were blue-shifted, appearing in

the 220-320 nm range. The blueshift in the CD signal may be

due to the different states of the helicenes assembled on the
ASNH surface. As shown in Fig. 6d, helicenes are adsorbed on

the ASNH surface via hydrogen bonding. When helicenes bind

to ASNH, the interaction is thought to cause the helicenes to
align and form a helical structure. The difference in the orientation
of helicenes is thought to be responsible for the difference

in the wavelength at which the CD signal appears. The
combination of helicenes and the ASNH with opposite handedness
indicates that the helicenes are closely orientated,

while the combination of helicenes and the ASNH with the

same handedness indicates that the helicenes are loosely (randomly)
orientated. Due to this difference in helicene orientation,

the combination of helicenes and ASNH with opposite

handedness is believed to alter the electron density distribution,
resulting in an increase in transition energy and a subsequent
blue shift in the absorption wavelength. The pink and

green lines of Fig. 7b show the addition of the CD spectra of
M-H1C and P-H1C on P-S, and M-H1C and P-H1C on M-S,
respectively. These calculated curves for P-S@M-H1C + P-S@PH1C
(pink line) and M-S@P-H1C + M-S@M-H1C (green line)

closely resembled the spectra of the racemic helicene cast
films, P-S@rac-H1C (red line) and M-S@rac-H1C (blue line).
This confirms that the chirality induced in racemic helicenes

on ASNHs originates from two types of helical supramolecular
assemblies with different orientations of helicene molecules,
as illustrated in the schematic diagram in Fig. 7c.

These P-S and M-S@rac-H1C combinations also exhibited
distinct induced circularly polarized luminescence (CPL)

signals. Fig. 8 shows the CPL and fluorescence spectra of cast
films prepared with various helicenes adsorbed onto ASNHs.
Six helicenes were used in this study: rac-T1C, three forms

of H1C (racemic, P-type, and M-type), rac-P4C, and rac-H4C.
For all the helicenes, mirror-image CPL signals (with gum

values around 10-3) were observed when adsorbed onto the
ASNH. rac-T1C, rac-P4C, and rac-H4C showed fluorescence
peaks at 500 nm and 550 nm (both for rac-P4C and rac-H4C),
with corresponding mirror-image CPL signals that matched

the handedness of the silica helices—positive for P-S and negative
for M-S (Fig. 8a, c and d). For the H1C cast films, all helicenes
(enantiomers P-, M-, and racemic H1C) exhibited fluorescence
peaks at 525 nm, and CPL signals were observed at

the same wavelength (Fig. 8b).

Interestingly, while the CD signals showed significant
differences depending on the diastereomeric combinations of
ASNH and helicene handedness, the CPL signals were primarily
determined by the handedness of the silica helices. Positive
CPL signals were observed when helicenes were adsorbed onto
P-S helices, and negative signals were observed with M-S
helices. Only slight variations in intensity and peak positions
were noted between the different combinations (P-S or M-S
paired with P-H1C, M-H1C, or rac-H1C).

Conclusions

Cast films of carboxylated helicenes (rac-T1C, rac-H1C, rac-

P4C, rac-H4C, P-H1C, and M-H1C) adsorbed onto the surface

of amine-functionalized silica nanohelices were prepared by
drop-casting helicene solutions onto silica nanohelices. For all
the helicenes, clear induced CD and CPL signals were observed
upon contact with the silica helices. No enantioselective
adsorption was observed when racemic helicenes were used,
suggesting that supramolecular assemblies of enantiomeric
helicenes formed on the silica surfaceina 1: 1 (P :M) ratio.
Thus, the chiroptical signals were induced solely by the
adsorption and subsequent helical organization of helicenes

on the silica nanohelices’ surface. When enantiomeric helicenes
were adsorbed onto the silica helices, the resulting CD

spectra showed combined contributions from molecular chirality
and chiral supramolecular organization, depending on

the handedness of both the helicenes and the silica nanohelices.
The combination of silica nanohelices and helicenes

handedness reveals that different orientations of helicenes in
helical supramolecular assemblies were formed at the silica
surface. This orthogonal and hierarchical combination of chiroptical
signals from the helicenes and silica nanohelices provides

an original approach for developing novel materials with
tunable chiroptical properties.
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Table 1 Composition of silica nanohelix and helicene

solutions

Fig. 4 DRCD and UV-vis absorption spectra of precipitate after drop-
casting. (a) rac-H1C, (b) and (c) rac-H4C.

Table 2 Composition of silica nanohelix and helicene in drop-cast

Sample name

Silica nanohelix (mg mL™")

P-S, j@rac-H1C, 5 1.0
M-8, g@rac-H1C,, 5 1.0
P-S, j@rac-HAC, 5 1.0
M-8, g@rac-HAC,, 5 1.0
P-S,,@rac-HAC, 5 0.2
M-S, ,@rac-H4C 5 0.2

films
Helicenes
Sample name Silica nanohelices (ug cm ™) Name (pmol)
in mixed
rac-T1C — rac-T1C 0.1
P-S5@rac-T1C 50
i M-S@rac-T1C 50
Helicenes (mM) rac-H1C — rac-H1C 0.1
0.5 P-S@rac-H1C 50
" M-S@rac-H1C 50
0.5 rac-P4C — rac-P4c 0.1
0.3 P-S@rac-PAC 50
0.3 M-S@rac-P4C 50
0.3 rac-HAC — rac-HAC 0.1
0.3 PS@rac-H4C 50
M-S@rac-HAC 50
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Table 3 Composition of silica nanohelix and helicene in the drop-cast
films

Helicene”

Sample name Silica nanohelices (g ecm ™) Name (pmol)
P-H1C — P-H1C 0.1
P-S@P-H1C 50

M-S@P-H1C 50

M-H1C — M-H1C 0.1
P-S@M-H1C 50

M-S@M-H1C 50

rac-H1C — rac-H1C 0.1
P-S@rac-H1C 50

M-S@rac-H1C 50

“ P-H1C: P-type H1C (right-handed), M-H1C: M-type H1C (left-handed),
rac-H1C: racemic H1C.

(@) (b)

20 20 —

15 _F'~S(@:M—H1C 15 L aiculaled curve ‘-.PH.‘:
10 o PS@PHIC| 10
g5 _— g6
£ o0 £ 0
o a :
g5 85l

40 | 40 1 -

{ t M Calculated curve
15 | M-S@P-H1C -15 !: M\J\”Jf of M-S@P-H1C + M-S@M-H1C
20 L L . L .20 . ' . .
200 250 300 350 400 450 200 250 300 350 400 450

Wavelength (nm) Wavelength (nm)

AN
o, W)

.‘E-\h
RIS

P-S@rac-H1C

M-S@rac-HI1C

Fig. 7 (a) DRCD spectra of drop-cast films prepared with ASNH and
enantiomer H1C after washing with DMF. (b) DRCD spectra of drop-cast
films prepared with ASNH and racemic H1C after washing with DMF and
calculated curves for the addition of CD spectra of cast films prepared
with the two enantiomers (pink and green line). (c) Estimated schematic
illustration of racemic helicene molecules on an ASNH.
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