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Self-organised helical bilayers of dicationic gemini surfactants
confined in helical silica nanospace were transformed in situ to
carbon dots (CDots) via pyrolysis. These water-dispersible CDots
exhibit electronic absorption spanning the UV and visible range and
possess symmetrical circular dichroism (CD) signals, the sign of
which depends on the handedness of the helices.

Carbon dots (CDots) are luminescent carbon materials that are less
than 10 nm in size and are composed of an amorphous carbon
cluster and n-conjugated domains stabilized by surface functional
groups.’” CDots have recently attracted much attention for a wide
range of applications due to their unique fluorescent properties,
good biocompatibility, and easy functionalization.>* It has been
previously reported that CDots can be synthesized from various
organic compounds by a bottom-up approach through hydrother-
mal reaction, reflux or pyrolysis.>® The transformation of organic
molecules to CDots occurs through the condensation of functional
groups, followed by carbonization.”® Meanwhile, chiral CDots with
different effects on biological phenomena’ have shown great
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potential and promising properties in sensing amino acids,
inhibiting peptide assemblies,'® and enantioselective recogni-
tion."! For example, cysteine-based 1-CDots were effective in
glycolysis during the treatment of bladder cancer cells, whereas
p-CDots showed no such effects.’> On the other hand, cysteine
and citric acid-based p-CDots were able to enhance root vigor
and the enzymatic activity of bean sprouts more effectively than
1-CDots."® Ma et al. found that citric acid- and aspartic acid-
based 1-CDots worked as strong irreversible inhibitors of tyr-
osinase (almost 100%), while p-CDots had lower inhibition
rates (~30%)."* Thus, the synthesis and characterization of
chiral CDots combining luminescence and chiroptical proper-
ties have been at the forefront of designing original optical
nanomaterials.

In general, there are three approaches to endow chiroptical
properties to CDots: (1) Incomplete carbonization of chiral
precursors,">'® (2) attaching chiral molecules after the synth-
esis of the CDots,'”'® (3) incorporating achiral CDots within
chiral supramolecular architectures.'® For the first method, Deka
et al. synthesized chiral CDots from different enantiomers of
chiral precursors via pyrolysis. The CDots obtained presented
chiroptical activity originating from the chiral precursor.'® Mean-
while, Wang et al. synthesized chiral CDots by surface modifica-
tion of achiral carbon cores by p-/i-tryptophan. These CDots
showed mirror-image CD spectra resulting from the attached
chiral molecules and selectively inhibited the activity of laccase.
1-CDots showed a higher inhibition rate than p-CDots under the
same reaction condition.>® Chiral CDots have also been success-
fully prepared by the co-assembly of achiral CDots with a chiral
p-/i-glutamic acid-based supramolecular gelator. The intermole-
cular bond between CDots and the chiral source induced both CD
and Circularly Polarized Luminescence (CPL) activity in the
CDots."’

Previously, we have reported the self-organisation of an
enantiopure tartrate with a gemini-type cationic surfactant,
N,N'-dihexadecyl-N,N,N’,N'-tetramethylethylene diammonium
(hereafter abbreviated as 16-2-16). 16-2-16 L- or p-tartrate in

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 |Illustration of the synthesis of chiral CDots using silica
nanohelices.

water self-assembles to form right- or left-handed (RH and LH,
respectively) double-bilayer helical structures (Scheme 1).>' The
chiral nanohelices can be used as templates for the sol-gel
polycondensation of tetraethyl orthosilicate (TEOS) to obtain
silica-organic hybrid nanohelices (HNHs), with 29.4 wt% of
16-2-16 and tartrate content.”> These HNHs show strong CD
signals below 250 nm which originate from the tartrate anions
(Fig. 1a).

When the HNHs are pyrolyzed under vacuum at 600 °C for
5 hr, they transform into a black powder (Fig. S1, ESIT) that
gives rise to a broad absorption band spanning throughout the
UV and visible range, with two strong peaks centred at 223 and
247 nm (Fig. 1(b)). This material also clearly shows chiroptical
properties as evidenced by symmetric CD spectra in the
200-700 nm wavelength range with a negative signal for the
LH helices and a positive signal for the RH helices. The CD
signal above 250 nm indicates the formation of a new structure
after pyrolysis with an asymmetry factor (gaps) of —3.0 x 10~*
(LH) and 3.0 x 10~* (RH) at 570 nm, as calculated from gups =
Ae/e = O(mdeg)/(32 980 A) where 0 = ellipticity, A = absorbance,
Ae = molar circular dichroism. This signal is very different from
that of the HNHs. The transmission electron microscope (TEM)
images did not show significant morphology modification of
the silica helices before and after pyrolysis (Fig. 1(c) and (d)).
The double-bilayer organic structure was thus in situ converted
to CDots while confined inside the helical silica framework. To
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Fig. 1 CD and absorption spectra of (a) LH/RH-HNHSs and (b) CDots@LH/
RH-SNHSs in water. TEM images of (c) LH-HNHs and (d) CDots@LH-SNHs.
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Fig. 2 HR-TEM images (a) and size distribution (b) of CDots.

further confirm the in situ transformation, the silica framework
was removed by dissolving it in 6 M NaOH at 60 °C and washing
with water. High-resolution TEM (HR-TEM) images (Fig. 2) of
the resulting solution confirm the presence of nanoparticles
with an average size of 4.1 £ 2.0 nm. The selected area electron
diffraction (SAED) observation confirmed the presence of gra-
phitic structure (Fig S2, ESIt). From these results, we conclude
that pyrolysis of the HNHs leads to the formation of CDots
which are confined inside the silica helices (CDots@SNHs)
(Scheme 1). The CDots without silica nanotemplate showed
no CD signal while they retained similar absorbance signals.
The origin of the chiroptical signal of these CDots is thus due to
their chiral organization inside the chiral nanospace of the
silica structure.

In order to investigate if such CD signals originate from the
incomplete pyrolysis of tartrate, a control experiment was
carried out by pyrolyzing a sample of 16-2-16 gemini tartrate
under the same conditions as above but without the helical
silica template. Blue-emitting CDots were obtained after pyr-
olysis, but no CD signals were detected (Fig. S3, ESIt).

No visible chiral mesostructures remained from the carbo-
nization of the gemini tartrate. These results indicate that the
silica nanohelices are necessary for the induction of the chir-
optical properties in the CDots.

The elemental contents of HNHs before and after pyrolysis
were characterized using elemental analysis (EA, Table S1, ESIY).
HNHs (before pyrolysis) contained C (20.9%), N (1.1%), and H
(4.4%) with an N/C ratio of 0.05. This ratio corresponds to the
composition of the gemini tartrate. The elemental contents of C,
N, and H of CDots@SNHs was found to be 8.12%, 0.27%, and
0.65%, respectively, with an N/C ratio of 0.03. This shows that the
organic content decreased significantly during pyrolysis with a
higher loss of N compared to C.>* The decrease in N/C contents
during the pyrolysis is due to their transformation into volatile
molecules (NOx species), NH;, HCN and N,>*?> whereas from the
C contents, they transformed in majority to CDots with some
transformation to CO, gas.

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the chemical compositions and structure of the
CDots@SNHs. The spectra show four predominant peaks
corresponding to 9.24% carbon (C1s), 0.21% nitrogen (N1s),
57.53% of oxygen (O1s), and 32.66% Si (Si2p) (Fig. 3(a) and (b)).
As shown in Fig. 3(c), the deconvolution of the high-resolution
analysis of the C1s peak indicates contributions at 283.8 eV
(58.34%) assigned to sp” graphitic structures in CDots@SNHs,
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Fig. 3 XPS spectrum (a), elemental contents (b), HR-XPS of Cls (c) and
Raman spectrum (d) with the 633 nm excitation wavelength of chiral
CDots@SNHs. The fluorescence spectra, dex 290, (€) and 2D fluorescence
spectra (f) of CDots@LH-SNHs in DMF.

along with peaks at 285.1 eV (28.42%), 286.6 eV (8.11%),
288.9 eV (5.13%) corresponding to C-C, C—0 and O—C-OH
bonds, respectively. The Raman spectrum recorded using
633 nm excitation (Fig. 3(d)) shows two broad D and G bands
at ~1330 and ~1590 cm ™, respectively. The G band is related
to the E,; mode of graphite and the vibration of sp*-bond
carbon atoms in hexagonal lattices, whereas the D band origi-
nates from the vibrations of carbon atoms in disordered
graphite. Therefore, both Raman and XPS data confirm that
the CDots are principally composed of sp®> and sp® carbon
atoms.*®*” The Ip/Ig ratio of chiral CDots which provides the
disorder and crystallite size of graphitic layers in CDots was
~1.%% The Raman spectrum is very similar to the one observed
for graphene oxide materials.*’

The 2D fluorescence spectra of CDots@SNHs dispersed in
H,O are shown in Fig. S4 (ESIt). The excitation-dependent
emission intensity and wavelength are typical of CDots.*>® As
for the chiral CDots@SNHSs in H,0, a maximum emission at
352 nm could be observed under an excitation wavelength of
270 nm. The photoluminescence property of SNHs@CDots was
strongly affected by the dispersion medium.*’ Indeed, the
emission peak of CDots@SNHs in dimethylformamide (DMF)
was red-shifted to 425 nm (Fig. 3(e), (f), and Fig. S5, ESIT). The
shift in fluorescence emission of CDots@SNHs may be related
to the effect of medium polarity and/or to H-bonding
with surface functional groups on the CDots.*” The stability
of CDots@SNHs was studied in water and DMF. While the
fluorescence intensity of CDots@SNHs in DMF remained
stable, that in water decreased dramatically over 5 days
(Fig. S6, ESIT) even though the CD spectra and absorbance in
water did not change during this time (Fig. S7, ESIt). Although
dynamic quenching of CDot emission by water has been
speculated,®® the slow loss of emission upon addition of water
is incompatible with an excited-state process. Therefore, we
assign this to the formation of non-emissive trap states.

Finally, to completely exclude that the chiroptical properties
result from the chirality of the tartrate starting material, we
exchanged the tartrate anion with achiral azide (N5~) anions inside
the HNHs before pyrolysis as reported previously (Fig. S8, ESIT).>***
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The azide ion was selected since it does not interfere with the
CD signal by absorbing in the UV-visible spectral region. Thus,
the loss of the CD signal in the UV-visible region confirms the
complete exchange of tartrate by azide (Fig. S9, ESIT). After
pyrolysis at 600 °C, the azide(N)-doped CDots@SNHs showed
strong and mirror image CD signals (Fig. S10(a), ESIt), indicat-
ing that the chiroptical properties of the CDots are a result of
chiral induction by the nanohelices and not from the chiral
tartrate ions. Following the replacement of tartrate by azide
anion, the proportion of N and C of the CDots with respect to Si
obtained by HR-XPS after pyrolysis (Fig. S11 and S12, ESIT) was
higher than that of tartrate-based CDot@SNHs (1.2% and 60%
vs. 0.6% and 28% for N and C, respectively). N-doped CDots
showed a blue-shift emission at ~417 nm compared to CDots
in Fig. S13 (ESIt). We then investigated whether the chiral
induction is specific to the gemini or can be extended to a
system in which achiral aromatic monomers are polymerized
in situ inside HNHs prior to pyrolysis. To this end, 2,
6-dihydroxy naphthalene (DHN) was introduced into the HNHs
by ion exchange, followed by polymerization using 1,3,
5-trimethyl-1,3,5-triazinane (TMTA) (Fig. 4).*>*° In addition to
being compatible with the HNHs, this polymer was previously
shown to be a promising precursor for nitrogen-rich carbon
material. Following ion exchange from tartrate to DHN, the
HNHs were pinkish and showed an absorption maximum at
228 nm (Fig. 4(a)) with a ratio of DHN:gemini-CI,~ (1:1).
Surprisingly, the DHN-doped HNHs did not show CD signals
initially. However, after 3 days at 4 °C, we observed the
progressive increase of mirror image CD signals, which possi-
bly originate from the self-organization of DHN inside the
HNHs. The colour of HNHs gradually turned purple.

The in situ polymerization of DHN in HNHs was induced by
addition of 1 equivalent of TMTA to the suspension which was
kept at 4 °C for 12 hr. During this time, polymerization was
accompanied by a colour change from purple to brown. After
that, the excess TMTA was washed away with cold water, and
the morphology of polymer-doped HNHs was characterized
using TEM (Fig. S14, ESIT), confirming that the helical silica
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Fig. 4 The illustration of polymerization of DHN in HNHs. CD and
absorption spectra of (a) DHN-doped HNHs, (b) polymer-doped HNHs,
and (c) polymer-based CDots@SNHSs.
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framework was unchanged after polymerization. The formation
of the polymer was accompanied by an important modification
in the absorbance which extended to >600 nm following
polymerization.*® After polymerization, the CD signal of HNHs
increased significantly compared to the DHN-doped HNHSs
(Fig. 4b). These observations suggest that the polymerization
enhances the chiroptical properties of the system. However,
fluorescence from DHN-doped HNHs and polymer-doped
HNHs was not clearly observed due to its low intensity
(Fig. 15, ESI¥).

The polymer-doped HNHs were subsequently pyrolyzed to
afford a black powder exhibiting mirror image CD signals
similar to CDots@SNHs. The Ip/I; ratio calculated from the
integrated intensities of D and G Raman bands is ~0.94. Along
with the decrease in this value, the presence of a sharp and
well-defined peak at 1590 cm™ ' indicates that CDots@SNHs
prepared from the DHN/TMTA polymer have a higher graphitic
carbon content (Fig. S16, ESIt). The CD and absorbance signals
of the three CDots@SNHs systems are compared in Fig. S10
(ESIT). They are all relatively similar and characterized by a
progressive decrease in absorbance which spans from 200 nm
to 700 nm spectral range. In addition, the CD signals were
negative (positive) below 320 nm and switch signs to positive
(negative) broad bands for the right (left) handed helices.
Exchanging the counterions to achiral ones did not suppress
the induced chirality in the final CDots systems. We have
demonstrated the in situ formation of chiral CDots synthesized
within the nanometric confinement of a helical silica frame-
work. These represent the first examples of CDots showing CD
signals in the entire UV-Vis wavelength range extending from
200 nm to 700 nm.

Importantly, we show that the chirality of a helical silica
template was the origin of the chirality of the CDots. This
represents a unique example in which a chiral organic molecule
is used to template the formation of a helical inorganic object,
which is in turn used to induce chirality in CDots prepared
from organic guests. These results thus demonstrate the high
potential for chiral induction from mesoscopic chiral frame-
works to carbon-based nanoparticles.
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