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Abstract: The introduction of biuret hydrogen-bonding sites onto chiral binaphthalene-based chro-
mophores was investigated as a route to sub-micron-sized, vesicle-like aggregates endowed with
chiroptical properties. The synthesis was conducted from the corresponding chiral 4,4′-dibromo-1,1′-
bis(2-naphthol) via Suzuki–Miyaura coupling to afford luminescent chromophores whose emission
spectrum could be tuned from blue to yellow-green through extension of the conjugation. For all
compounds, the spontaneous formation of hollow spheres with a diameter of ca. 200–800 nm was
evidenced by scanning electron microscopy, along with strong asymmetry in the circularly polarized
absorption spectra. For some compounds, the emission also displayed circular polarization with
values of glum = ca. 10–3 which could be increased upon aggregation.

Keywords: luminescence; circularly polarized luminescence; vesicles; binaphthalene; chirality

1. Introduction

Hydrogen-bonding (H-B) interactions are widely used in natural and artificial systems
to construct small, well-defined molecular assemblies in which the number and directional-
ity of the complementary H-B donor and acceptor motifs are satisfied [1,2]. When this is not
the case, either involuntarily or by design, pendant H-B units can lead to the formation of
extended or infinite structures such as tubules, fibers, or sheets whose size usually extends
beyond the micron scale [3–5]. Understandably, the self-assembly of well-defined H-B
architectures whose size goes beyond that of a few molecules but remains well below the
micron scale is more difficult as it requires a delicate balance between intermolecular forces
pushing for the structure’s growth and those that confine it.

While investigating the self-assembly of rigid, π-conjugated chromophores appended
with bis-urea (biuret) H-B units, we discovered that they spontaneously self-assemble
into hollow spheres in organic solvents [6]. The spheres are characterized by a diameter
comprised between 200 nm and 1 µm, and a thin wall of ca. 15–30 nm. Diffraction studies
in solution revealed that the spheres are present in solution even in the absence of traces of
water, and that they display Brownian motion rather than a propensity to aggregate [7]. The
spontaneous self-assembly of well-defined spheres from small molecules is unusual and
generally limited to phospholipids and polymersome classes of compounds. Instead, the
bis-biuret motif is a surprisingly robust structural encoder for the programmed formation of
vesicle-like hollow spheres that can accommodate a variety of photoactive cores, including
porphyrins [8] and azobenzenes [9]. Furthermore, the nanoscale dimensions of the aggre-
gates are particularly well adapted to the design of OLED materials in which each colored
pixel is defined by a single aggregate, thereby opening the way to ultra-high-resolution
displays in which color bleeding was minimized [10].
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Progress beyond the control of the spatial distribution of the emissive material in OLEDs
rests on the incorporation of additional functionalities such as error correction [11,12], im-
proving the efficiency through thermally activated delayed fluorescence (TADF) [13,14], or
the control of chirality for the emission of circularly polarized light (CPL) [15]. Interestingly,
the biuret H-B motif smoothly accommodates TADF-active chromophores and a substantial
improvement of the external quantum efficiency of the electroluminescent device can be
obtained [16]. However, the incorporation of chiral elements has, to date, not been tested.
The growing interest in CPL materials [17,18] for applications in 3-D displays [19], informa-
tion processing [20,21], and anti-counterfeit inks [22] prompted us to explore whether the
formation of hollow spheres from bis-biuret-appended chiral luminophores is possible. To
this end, we selected the 1,1′-bisbinaphthyl chiral auxiliary to introduce axial chirality in
rigid π-conjugated chromophores. Starting from asymmetric binaphthalene fluorophores
with axial chirality, biuret motifs are introduced to induce the formation of self-assembled
microstructures which may in turn affect the chiroptical properties of the chromophores.

The chemical structures of six target molecules are shown in Figure 1. To investigate
systematically the effect of the open and bridged forms of the central bis-naphthalene
chromophore on the chiroptical properties, we designed BNPB, 7BBNPB, and 8BBNPB for
comparison. In addition, for BNBTPB and 7BBNBTPB, the π-conjugation was extended
by introducing benzothiadiazole moieties with the aim to tune the emission color from
deep-blue to green-yellow. Previously, Pieters et al. investigated binaphthalene-based
green CPL-TADF emitters using the chiral perturbation strategy and showed that they
possess high photoluminescence quantum yields of 74% in toluene solution and moderate
glum of 1.3 × 10–3 in CPL [23]. Therefore, we modified the chemical structure to obtain
BNCNCzPB with the aim to demonstrate combined CPL and TADF characteristics in
self-assembled vesicles.
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2. Results
2.1. Synthesis

The preparation of the chiral binaphthol (BNOH) was reported previously. Briefly,
bromination of 1-naphthylamine gave intermediate 2 in high yield (Scheme S1). Next,
the aryl amine 2 was converted to the diazonium salt 3 through a Sandmeyer reaction.
Reduction of compound 3 by sodium hydride to remove nitrogen afforded monomer 4 [24].
The latter led to the preparation of racemic mixtures of BNOH using copper-catalyzed ox-
idative coupling. To obtain enantiopure compounds, (1S)-(+)-10-camphorsulfonyl chloride
was used as a chiral resolving agent, and the diastereomeric pairs were separated using
silica chromatography. After hydrolysis using sodium hydroxide, the chiral intermediates
(R)-BNOH and (S)-BNOH were obtained [25].

The preparation of the chiral bis-biuret chromophores is presented in Scheme 1. Com-
pound BNOH was converted to BNOMe using MeI, followed by Pd-catalyzed Suzuki–
Miyaura coupling with PBBiuret to afford target molecule BNPB. For the bridged forms [26,27],
the bisdiol was linked via an SN2 reaction using methylene or ethylene groups to lock the
axial chiral conformation, followed by palladium-mediated Suzuki–Miyaura coupling with
PBBiuret [28] to produce 7BBNPB and 8BBNPB. For the two yellow emitters, BNOMe or
7BBNBr2 were treated with bis(pinacolato)diboron in a palladium-catalyzed reaction to
give the corresponding boronic ester derivatives. These were then reacted with BTBiuret
through Suzuki–Miyaura coupling to obtain BNBTPB and 7BBNBTPB.

Molecules 2023, 28, x FOR PEER REVIEW 3 of 14 
 

 

2. Results 
2.1. Synthesis 

The preparation of the chiral binaphthol (BNOH) was reported previously. Briefly, 
bromination of 1-naphthylamine gave intermediate 2 in high yield (Scheme S1). Next, the 
aryl amine 2 was converted to the diazonium salt 3 through a Sandmeyer reaction. Reduc-
tion of compound 3 by sodium hydride to remove nitrogen afforded monomer 4 [24]. The 
latter led to the preparation of racemic mixtures of BNOH using copper-catalyzed oxida-
tive coupling. To obtain enantiopure compounds, (1S)-(+)-10-camphorsulfonyl chloride 
was used as a chiral resolving agent, and the diastereomeric pairs were separated using 
silica chromatography. After hydrolysis using sodium hydroxide, the chiral intermediates 
(R)-BNOH and (S)-BNOH were obtained [25]. 

The preparation of the chiral bis-biuret chromophores is presented in Scheme 1. Com-
pound BNOH was converted to BNOMe using MeI, followed by Pd-catalyzed Suzuki–
Miyaura coupling with PBBiuret to afford target molecule BNPB. For the bridged forms 
[26,27], the bisdiol was linked via an SN2 reaction using methylene or ethylene groups to 
lock the axial chiral conformation, followed by palladium-mediated Suzuki–Miyaura cou-
pling with PBBiuret [28] to produce 7BBNPB and 8BBNPB. For the two yellow emitters, 
BNOMe or 7BBNBr2 were treated with bis(pinacolato)diboron in a palladium-catalyzed 
reaction to give the corresponding boronic ester derivatives. These were then reacted with 
BTBiuret through Suzuki–Miyaura coupling to obtain BNBTPB and 7BBNBTPB. 

 
Scheme 1. Synthetic methodology for the preparation of chiral bis-biuret chromophores. Scheme 1. Synthetic methodology for the preparation of chiral bis-biuret chromophores.



Molecules 2023, 28, 3382 4 of 14

For BNCNCzPB, the key intermediate BNOH underwent two SNAr reactions with
tetrafluoroterephthalonitrile and carbazole in a one-pot procedure to afford BNCNCzBr2 [23].
Then, the target compound BNCNCzPB was obtained by Pd-mediated Suzuki–Miyaura
coupling with BNCNCzBr2 and PBBiuret (Scheme 2).
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Scheme 2. Synthetic methodology for the preparation of BNCNCzPB integrating two biuret units
and a CPL-TADF chromophore.

2.2. Characterization of Nanostructures

To characterize the nanostructures formed by the BN series of molecules, the mor-
phologies of the self-assembled aggregates were observed by SEM in low-vacuum mode
with no conductive overcoat. The sample chamber pressure was maintained at 0.45 Torr
water using a differential pumping system. The images of the structures deposited from
different solvents onto SiO2 substrates are shown in Figure 2. For all six molecules, uniform
and well-defined nanospheres in the size of 200–500 nm in acetone or methanol solu-
tions were observed. However, when drop-cast from a THF environment, the compounds
exhibit greater morphological variety and may organize into different nanostructures,
such as vesicles (BNPB, 7BBNPB, BNBTPB, and BNCNCzPB), films (7BBNBTPB), or
clusters (8BBNPB).
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2.3. Photophysical Properties

As shown in Figure 3 and summarized in Table 1, all the binaphthalene-based com-
pounds possess a strong π-π* absorption band around 340 nm. Compared to the unlocked
chromophore BNPB, the 7BBNPB derivative in which the BiNAP unit is locked shows a
bathochromic shift of the emission wavelength attributed to the greater planarity enforced
by the methylene bridge along with through-bond conjugation [26,29–31]. Indeed, com-
pound 8BBNPB, possessing a longer and more flexible eight-member ring, has similar
excited state behavior as BNPB.
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As expected, the presence of an electron-accepting moiety (benzothiadiazole) extends
the conjugation length of fluorophore. Thus, BNBTPB and 7BBNBTPB have an absorption
band near 400 nm and emission wavelengths near 530–550 nm vs. BNPB and 7BBNPB
which instead emit in the deep-blue.

All of the compounds are strongly emissive. Compared to the open-form BNPB
(FF = 0.81), the closed forms 7BBNPB (FF = 0.72) and 8BBNPB (FF = 0.66) have a more
rigid structure, resulting in a decrease in the photoluminescence quantum yield. This
is somewhat unexpected, as rigid molecules generally exhibit higher PLQYs compared
to flexible molecules. In this case, we attribute this to the loss of planarization in the
excited state due to the presence of the covalent linker. Similarly, the introduction of
benzothiadiazole results (FF = 0.28 and FF = 0.42 for BNBTPB and 7BBNBTPB, respectively)
in a diminished photoluminescence efficiency [32,33].

Table 1. Summary of the photophysical properties of the BN and BB series of chromophores 1.

Compound λabs
(nm) ε (104 M−1cm−1)

λem
(THF, nm) ΦTHF

2 (%)

BNPB 307, 346 5.2, 4.1 402 81
7BBNPB 346 3.7 432 72
8BBNPB 335 5.3 396 66
BNBTPB 303, 344, 403 7.1, 3.3, 3.6 549 28

7BBNBTPB 318, 404 6.3, 4.1 538 42
BNCNCzPB 314, 328, 403 5.8, 5.1, 0.56 525 21 (28) 3

1 Measured in THF solution (10–5 M). 2 Fluorescence quantum yields in aerated THF solutions (10−5 M, λex = 350
nm). Values in parentheses correspond to degassed solutions. 3 Measured using quinine sulfate in 0.105 M HClO4
solution as a secondary standard [34].
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Compound BNCNCzPB exhibits an intense π-π* absorption band in the ultraviolet
region, accompanied by a weaker intramolecular charge-transfer band around 400 nm
(Figure 3f). The photoluminescence efficiency of this green-yellow emitter is only slightly
increased from 21% to 28% in THF solutions after degassing, suggesting no or modest
contribution from the triplet manifold through intersystem crossing (ISC). To verify the
TADF character in BNCNCzPB, we employed variable-temperature photoluminescence
spectra to observe the thermally activated ISC of the triplet excitons. Upon lowering the
temperature, a decrease in the emission intensity is expected as the thermally activated
ISC from the T1 to the S1 state is slowed. However, for BNCNCzPB, the PL intensity in
degassed THF solution is enhanced upon decreasing the temperature (Figure 4a). Therefore,
the TADF character is absent in this compound. In agreement with this, the time-resolved
photoluminescence of BNCNCzPB in degassed THF or toluene solutions at room temper-
ature only evidences a short-lived contribution with a lifetime of ca. 20 ns (Figure 4b,c).
Furthermore, we dissolved BNCNCzPB in degassed 2-methyltetrahydrofuran solution
(5 µM) to compare the emission at 77 K and 300 K. In contrast to the broad and structureless
emission band observed at 300 K, the spectra at 77 K shows a hypsochromic shift from 525 to
475 nm along with vibronic fine structure (Figure 4d). This suggests that the intramolecular
charge transfer state collapses to a localized emitting state as the temperature is lowered.
No evidence of phosphorescence emission from the triplet state was observed (Figure 4e).

Molecules 2023, 28, x FOR PEER REVIEW 7 of 14 
 

 

Compound BNCNCzPB exhibits an intense π-π* absorption band in the ultraviolet 
region, accompanied by a weaker intramolecular charge-transfer band around 400 nm 
(Figure 3f). The photoluminescence efficiency of this green-yellow emitter is only slightly 
increased from 21% to 28% in THF solutions after degassing, suggesting no or modest 
contribution from the triplet manifold through intersystem crossing (ISC). To verify the 
TADF character in BNCNCzPB, we employed variable-temperature photoluminescence 
spectra to observe the thermally activated ISC of the triplet excitons. Upon lowering the 
temperature, a decrease in the emission intensity is expected as the thermally activated 
ISC from the T1 to the S1 state is slowed. However, for BNCNCzPB, the PL intensity in 
degassed THF solution is enhanced upon decreasing the temperature (Figure 4a). There-
fore, the TADF character is absent in this compound. In agreement with this, the time-
resolved photoluminescence of BNCNCzPB in degassed THF or toluene solutions at room 
temperature only evidences a short-lived contribution with a lifetime of ca. 20 ns (Figure 
4b,c). Furthermore, we dissolved BNCNCzPB in degassed 2-methyltetrahydrofuran solu-
tion (5 µM) to compare the emission at 77 K and 300 K. In contrast to the broad and struc-
tureless emission band observed at 300 K, the spectra at 77 K shows a hypsochromic shift 
from 525 to 475 nm along with vibronic fine structure (Figure 4d). This suggests that the 
intramolecular charge transfer state collapses to a localized emitting state as the tempera-
ture is lowered. No evidence of phosphorescence emission from the triplet state was ob-
served (Figure 4e). 

 
Figure 4. (a) Variable temperature emission spectra of BNCNCzPB in THF solution (10–5 M, λex = 
350 nm). Time-resolved decay of the emission from BNCNCzPB in degassed (b) THF or (c) toluene 
solution at 300 K (λex = 370 nm, λem = 550 nm). (d) Emission spectra (λex = 350 nm) and (e) time-
resolved decay of the emission from BNCNCzPB in degassed 2-methyltetrahydrofuran solution (5 
µM) at 77 K and 300 K (λex = 370 nm, λem =550 nm). (f) Prompt (FL) and delayed (Phos) emission 
spectra of BNPB in frozen toluene solution (10–5 M, λex =320 nm) at 77 K. The phosphorescence spec-
trum at 77 K is acquired after a 0.3 ms delay. 

The situation is different for BNPB; upon lowering the temperature to 77 K, the broad 
PL emission centered at 387 nm is replaced by a structured emission at 540 nm (Figure 4f). 
The latter is assigned to phosphorescence emission from the triplet state. Thus, the intro-
duction of phenyl-biuret motifs at 4- and 4′- of the binaphthalene chromophore results in 
a significant decrease in the energy of the triplet state. It is therefore likely that 
BNCNCzPB, with the same skeleton as BNPB, possesses a significantly lower triplet en-
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Figure 4. (a) Variable temperature emission spectra of BNCNCzPB in THF solution (10–5 M,
λex = 350 nm). Time-resolved decay of the emission from BNCNCzPB in degassed (b) THF or
(c) toluene solution at 300 K (λex = 370 nm, λem = 550 nm). (d) Emission spectra (λex = 350 nm)
and (e) time-resolved decay of the emission from BNCNCzPB in degassed 2-methyltetrahydrofuran
solution (5 µM) at 77 K and 300 K (λex = 370 nm, λem =550 nm). (f) Prompt (FL) and delayed
(Phos) emission spectra of BNPB in frozen toluene solution (10–5 M, λex =320 nm) at 77 K. The
phosphorescence spectrum at 77 K is acquired after a 0.3 ms delay.

The situation is different for BNPB; upon lowering the temperature to 77 K, the
broad PL emission centered at 387 nm is replaced by a structured emission at 540 nm
(Figure 4f). The latter is assigned to phosphorescence emission from the triplet state. Thus,
the introduction of phenyl-biuret motifs at 4- and 4′- of the binaphthalene chromophore
results in a significant decrease in the energy of the triplet state. It is therefore likely
that BNCNCzPB, with the same skeleton as BNPB, possesses a significantly lower triplet
energy compared to the parent TADF chromophore BNCNCz which will be incapable of
undergoing thermally activated ISC to populate the emissive S1 state.
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2.4. Chiroptical Properties

To investigate the chiroptical properties of the BN series of compounds, we used CD
and CPL spectra to analyze the relationship between the chirality in the ground and excited
states and the electronic transitions to and from the excited state (Figure 5). The relatively
large Stokes shift (Table 1) for both the BN and BB series suggests that the chromophores
undergo relatively significant planarization during the relaxation of the Frank–Condon
excited state. For all of the compounds, a near-perfect mirror–image relationship in the
ECD spectra is observed for the enantiomers in terms of shape and peak maxima [35–37].
Nonetheless, we note that the absolute intensity is not identical for the BB series, which
may be due to small differences in the formation of the aggregates upon dissolution of the
material. The R-BNPB compound exhibits negative Cotton effects in the long-wavelength
region, while other blue emitters (R-7BBNPB and R-8BBNPB) and green-yellow emitters
R-BNBTPB, R-7BBNBTPB, and R-BNCNCzPB exhibit positive Cotton effects in the long-
wavelength region. As the number of methylene units bridging the two naphthyl groups
increases, the ECD intensity first increases and then decreases. This can be rationalized
by considering the restricted torsional motion of the C–C bond joining the two naphthyl
groups which is expected to be smallest for the single methylene spacer and larger in the
absence or presence of the longer tethers [29,38–40].
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Figure 5. Electronic CD (top) and absorption (bottom) spectra of (a) R/S-BNPB, (b) R/S-7BBNPB,
(c) R/S-8BBNPB, (d) R/S-BNBTPB, (e) R/S-7BBNBTPB, and (f) R/S-BNCNCzPB (THF, 10–5 M). The
inset in (d) is the magnified ECD spectra of R/S-BNBTPB between 350–500 nm.
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In comparison to the open form (R-BNPB), the cisoid conformation in the bridged
R-7BBNPB leads to 3-fold enhancement of the |gabs| value from 6.0 × 10–4 to 1.7 × 10–3.
However, when the number of bridging carbon atoms is increased from one to two, the
|gabs| is reduced to 8.8 × 10−4 owing to a more flexible structure. As for the green-
yellow emitters (R-BNBTPB, R-7BBNBTPB, and R-BNCNCzPB), they all have similar CD
intensities with |gabs| values of ca. 10–4.

The observation of circular dichroism signals for all the chiral chromophores indicates
that the chiral environment of the chromophore is coupled to the electronic transitions
from the ground to the excited state. This in turn suggests that the luminescence of the
excited state may also present chiroptical effects. The efficiency of the chiral induction can
be quantified by the asymmetry factor (glum) according to Equation (1) [41].

glum = 2
IL − IR
IL + IR

(1)

were IL and IR are the intensities of the left and right CPL, respectively.
The CPL spectra of the compounds were measured in different solvents and concen-

trations to find the optimal conditions for CPL emission in solution, possibly enhanced by
the self-assembly of H-B nanostructures. As shown in Figure 6, BNPB shows distinct CPL
in THF solutions with a mirror–image relationship for the two enantiomers. Upon diluting
the concentration from 10−4 to 10–5 M, a stronger ellipticity and fluorescence intensity
resulted in higher glum = 3.8 × 10–4 at 398 nm. A similar result was obtained in diluted
THF/toluene solutions (1/9, v/v), albeit with a lower emission intensity.
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In the case of BNBTPB and 7BBNBTPB, no significant CPL was detected from ei-
ther enantiomer regardless of the solvent (THF or toluene solution) or concentration (see
Figures S1 and S2). The situation is similar for BNCNCzPB, for which the CPL spectra is
very weak. In contrast, an unusually large asymmetry factor was observed for R-7BBNPB
which could not be reproduced for the S enantiomer. Examination of the linear dichro-
ism signal did not reveal strong contributions from linear polarization which may induce
artefacts in the determination of the glum value. On the other hand, aggregation has been
shown to strongly amplify the asymmetry factor of small molecules. To verify whether
self-assembly of the aggregates contributes to the observed enhancement of the glum value,
DMSO was added to break up the intermolecular hydrogen-bonding network and induce
the dissolution of the vesicles. This was indeed found to lead to the disappearance of
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the CPL signal, in agreement with the enhancement of the asymmetry due to aggregation
(Figure 7).
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3. Discussion

The emissive systems composed of axially chiral binaphthalenes appended with H-B
biuret motifs were found to spontaneously form nanospheres whose size ranged from ca.
250 to 500 nm diameter depending on the environment (concentration, solvent composition).
It is interesting to note that, for each compound, the average dimensions of the spherical
aggregates are not significantly dependent on the solvent system. This suggests that the
formation of the aggregates is mostly determined by the molecular structure rather than
solvent–solute interactions as is the case for other amphiphilic systems. The boundary
conditions are met when the solubility is insufficient (precipitation) or too high (formation of
amorphous films). The aggregates show tunable emission from deep-blue to yellow through
the introduction of benzothiadiazole groups onto the π-conjugated backbone. As expected,
all the chromophores exhibit intense Cotton effects with mirror–image relationship between
the enantiomers in the ECD spectra, indicating chiroptical activity in the ground state. For
BNCNCzPB, a possible CPL-TADF emitter, the steady-state and time-resolved PL spectra
at variable temperature show that the TADF character is absent. Examination of the
phosphorescence spectra of the parent BNPB chromophore reveals that the energy level
of the triplet state is located at ca. 2.30 eV, which is much too far below the energy of the
singlet state (3.24 eV) to expect efficient ISC. Thus, the π-conjugation in the BNCNCzPB
fluorophore likely leads to an increase in ∆EST that turns off the ISC channel needed to
harvest triplet excitons. This behavior is in agreement with an extension of the conjugation
of the chromophore due to the presence of the phenyl-biuret moieties, which leads to a
decrease in the energy of the excited singlet and triplet states with respect to that of the
ground state. In the case of BNCNCzPB, the electron-withdrawing nature of the biuret
further lowers the energy of the triplet state by reducing its CT character, thus explaining
the increased ∆EST.

From the preliminary results collected for R-BNPB, R-7BBNPB, and R-8BBNPB, it is
possible to observe moderate CPL intensity and inversion of signal in toluene solutions
(5 × 10–5 M) compared to THF (Figure 7). In Equation (2), it can be seen that the magnitude
and angle between the electric transition dipole moment (µ) and the magnetic transition
dipole moment (m) significantly influence the glum value [41], and we may surmise that the
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modest value of glum results from a large value of |µ| in agreement with the high FF of
these compounds.

glum = 4× |m||µ| cosθµ, m (2)

Remarkably, for R-BNPB in the open form, the glum value is increased from 104 in
THF to ca. 10–2 in toluene solution as a result of aggregation. Unfortunately, this could not
be reproducibly confirmed for the S-form enantiomer. Considering that the dissymmetry
factor appears to be highly dependent on the aggregation conditions, we may expect
that small differences in samples may explain this behavior. Further investigation of the
photophysical and chiroptical properties of BNPB and 7BBNPB in solution and in the
solid state is needed to understand which parameters govern chiral amplification through
aggregate formation in these assemblies. For the group of deep-blue emitters, the gabs value
of the bridged R-7BBNPB (1.7 × 10–3) in the restrained cisoid conformation is 3-fold higher
than the one of the unrestrained form R-BNPB (6.0 × 10–4). From preliminary CPL results,
the structural enforcement of the cisoid conformation in R-7BBNPB induces a positive effect
on the amplification of the asymmetry factor through aggregation which disappears upon
addition of DMSO to break up the aggregates.

4. Materials and Methods

All the starting materials and solvents were purchased from commercial sources and
used without further purification unless stated otherwise. 1H and 13C NMR spectra of
compounds were collected on a Varian 400 Unity plus (400 MHz) spectrometer in deuter-
ated solvents as internal reference at room temperature. Mass spectra were recorded using
a Bruker micrOTOF-QII mass spectrometer and Bruker Daltonics autoflex speed with
electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) as
ionization method. The mass spectrum was recorded with JEOL JMS-700 with electron
ionization (EI). UV-visible absorption spectra were recorded on a spectrophotometer (HI-
TACHI U2800A) or Perkin-Elmer 750 spectrophotometer. Emission spectra were measured
with a fluorescence spectrophotometer (HITACHI F9500) or a Horiba Fluoromax 4 instru-
ment. Photoluminescence quantum yields (PLQYs) for solution and thin-film samples
were determined with a calibrated integrating sphere system (HAMAMATSU C9920). The
circular dichroism (CD) spectra were measured on a JASCO J-810 circular dichroism spec-
trometer with ‘Standard’ sensitivity. The scan speed was set as 200 nm/min with a 0.1 nm
resolution and a response time of 2.0 s. The circularly polarized photoluminescence (CP-PL)
spectra were measured on a JASCO CPL-300 spectrophotometer with ‘Standard’ sensitivity
at 100 nm/min scan speed and a response time of 4.0 s employing the “slit” mode.

4.1. Preparation of Nanospheres

Solutions of compounds were prepared by adding the appropriate volume of THF
(dried over Na/ benzophenone and distilled prior to use), acetone (ACS reagent, 99.5+%,
for analysis), or methanol (ACS reagent, 99.5+%, for analysis) to a glass vial containing a
solid sample of the compound to produce a 0.1 mM solution. Dissolution was achieved by
gentle shaking of the vial for 30 min. The solutions were drop-casted onto the substrates
using a syringe to deposit approximately 50 µL of solution, and the solvent was allowed to
evaporate in air.

4.2. Techniques for Characterization

Scanning Electron Microscopy. Samples were prepared by drop-casting a THF or
acetone or methanol solution of self-assembled compounds (0.1 mM) onto a flat SiO2/Si
substrate as described above. The samples were imaged using a FEI Nova NanoSEM 200 in
low-vacuum mode with no conductive overcoat. The chamber pressure was maintained at
0.45 Torr water using a differential pumping system. An immersion lens was employed,
and the secondary electrons were amplified by gas vapor and collected by an electrode
mounted on the pole piece.
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Variable-Temperature PL spectra and Time-Correlated Single Photon Counting. Decay
parameters were extracted from reconvolution of the time-resolved emission decay profiles
collected using a home-built TC-SPC instrument equipped with a Picoquant 310 nm or
350 nm pulsed excitation source and a Hamamatsu R6427 photomultiplier and Timeharp
260 collection electronics. A monochromator or 420 long-pass filter was used to isolate the
emission from the sample. Variable-temperature spectra and lifetimes were obtained using
an Oxford DN optistat connected to an ITC controller (precision = ±0.1 K).

5. Conclusions

The incorporation of H-B biuret elements to chiral, rigid chromophores is found to be
an efficient promoter for the formation of small, sub-micrometer vesicle-like aggregates.
These are formed in various organic solvents such as toluene, acetone, or THF. Nonethe-
less, extension of the π-conjugation of the chromophore through the introduction of the
phenylbiuret units can have unforeseen consequences, such as increasing the ∆EST splitting
in TADF chromophores. In all cases, the chiral component of the binaphthalene core was
found to impart chiroptical properties to the chromophores, particularly in the ECD spectra
of the ground state. In contrast, the CPL activity is moderate or absent, presumably due to
a planarization of the chromophore in the excited state. When this is impeded by a short,
rigid linker, an increase in the emission asymmetry factor is observed. Interestingly, we
find that, for the R enantiomer, amplification of the asymmetry factor is observed upon
aggregation. The fact that this is not observed for the S enantiomer suggests that there
are subtle differences in the sample composition or aggregate formation that need to be
uncovered to fully understand how self-assembly affects supramolecular chiral induction.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28083382/s1, Details of synthesis, additional CPL spectra.

Author Contributions: Conceptualization, Y.-C.C., D.M.B. and K.-T.W.; methodology, Y.-Y.H. and
J.-J.S.; validation, Y.-Y.H.; investigation, Y.-Y.H.; resources, D.M.B., J.-J.S. and K.-T.W.; data curation,
J.-J.S.; writing—original draft preparation, review and editing, all authors. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the ANR (grant ANR-17-CE24-0033), MOST (107-2923-M-002-
001-MY3), and the IDEX University of Bordeaux (international scholarship to Y.Y.H.). We are grateful
to the CESAMO for structural analyses through support of the Region Nouvelle-Aquitaine.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Experimental data (electronic and emission spectra, NMR data) are
available from the authors upon reasonable request.

Acknowledgments: We thank the support from Mass Core Facility at National Taiwan University
and Reiko Oda for help with the CPL measurements. This manuscript is dedicated to Vaidhyanathan
Ramamurthy, whose pioneering work in the field of supramolecular photochemistry inspired a
generation of scientists.

Conflicts of Interest: The authors declare no conflict of interest and that the funders had no role in
the design of the study; in the collection, analysis, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

Sample Availability: Samples of the compounds used in this study are available from the authors
upon reasonable request and if in stock.

References
1. Lehn, J.-M. Perspectives in Chemistry-Steps towards Complex Matter. Angew. Chem. Int. Ed. 2013, 52, 2836–2850. [CrossRef]
2. Lehn, J.-M. Toward self-organization and complex matter. Science 2002, 295, 2400–2403. [CrossRef]
3. Wong, K.-T.; Bassani, D.M. Energy transfer in supramolecular materials for new applications in photonics and electronics. NPG

Asia Mater. 2014, 6, e116. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules28083382/s1
https://www.mdpi.com/article/10.3390/molecules28083382/s1
https://doi.org/10.1002/anie.201208397
https://doi.org/10.1126/science.1071063
https://doi.org/10.1038/am.2014.53


Molecules 2023, 28, 3382 13 of 14

4. Aida, T.; Meijer, E.W.; Stupp, S.I. Functional Supramolecular Polymers. Science 2012, 335, 813–817. [CrossRef]
5. Brunsveld, L.; Folmer, B.J.B.; Meijer, E.W.; Sijbesma, R.P. Supramolecular Polymers. Chem. Rev. 2001, 101, 4071–4097. [CrossRef]

[PubMed]
6. Tseng, K.-P.; Fang, F.-C.; Shyue, J.-J.; Wong, K.-T.; Raffy, G.; Del Guerzo, A.; Bassani, D.M. Spontaneous Generation of Highly

Emissive RGB Organic Nanospheres. Angew. Chem. Int. Ed. 2011, 50, 7032. [CrossRef] [PubMed]
7. Velu, S.K.P.; Yan, M.; Tseng, K.-P.; Wong, K.-T.; Bassani, D.M.; Terech, P. Spontaneous Formation of Artificial Vesicles in Organic

Media through Hydrogen-Bonding Interactions. Macromolecules 2013, 46, 1591–1598. [CrossRef]
8. Kuo, M.-C.; Chen, H.-F.; Shyue, J.-J.; Bassani, D.M.; Wong, K.-T. In situ reversible conversion of porphyrin aggregate morphology.

Chem. Commun. 2012, 48, 8051–8053. [CrossRef] [PubMed]
9. Tseng, K.-P.; Tsai, Y.-T.; Wu, C.-C.; Shyue, J.-J.; Bassani, D.M.; Wong, K.-T. Light- and solvent-driven morphological transformations

of self-assembled hydrogen-bonded nanostructures. Chem. Commun. 2013, 49, 11536–11538. [CrossRef]
10. Tsai, Y.-T.; Tseng, K.-P.; Chen, Y.-F.; Wu, C.-C.; Fan, G.-L.; Wong, K.-T.; Wantz, G.; Hirsch, L.; Raffy, G.; Del Guerzo, A.;

et al. Electroluminescence from Spontaneously Generated Single-Vesicle Aggregates Using Solution-Processed Small Organic
Molecules. ACS Nano 2016, 10, 998–1006. [CrossRef]

11. Tsai, Y.-T.; Raffy, G.; Liu, H.-F.; Peng, B.-J.; Tseng, K.-P.; Hirsch, L.; Del Guerzo, A.; Bassani, D.M.; Wong, K.-T. Incorporation of
narcissistic self-sorting supramolecular interactions for the spontaneous fabrication of multiple-color solid-state materials for
OLED applications. Mater. Chem. Front. 2020, 4, 845–850. [CrossRef]

12. Tsai, Y.-T.; Liu, H.-F.; Peng, B.-J.; Tseng, K.-P.; Kuo, M.-C.; Wong, K.-T.; Wantz, G.; Hirsch, L.; Raffy, G.; Del Guerzo, A.; et al.
Frequency-Selective Photobleaching as a Route to Chromatic Control in Supramolecular OLED Devices. ACS Appl. Mater.
Interfaces 2017, 9, 36045–36052. [CrossRef]

13. Xu, Y.; Xu, P.; Hu, D.; Ma, Y. Recent progress in hot exciton materials for organic light-emitting diodes. Chem. Soc. Rev. 2021, 50,
1030–1069. [CrossRef] [PubMed]

14. Zhang, Q.; Tsang, D.; Kuwabara, H.; Hatae, Y.; Li, B.; Takahashi, T.; Lee, S.Y.; Yasuda, T.; Adachi, C. Nearly 100% Internal
Quantum Efficiency in Undoped Electroluminescent Devices Employing Pure Organic Emitters. Adv. Mater. 2015, 27, 2096–2100.
[CrossRef]

15. Cao, Z.; Hao, A.; Xing, P. Photoresponsive chiral vesicles as a light harvesting matrix with tunable chiroptical properties. Nanoscale
2021, 13, 700–707. [CrossRef]

16. Hsieh, Y.-Y.; Sanchez, R.S.; Raffy, G.; Shyue, J.-J.; Hirsch, L.; Del Guerzo, A.; Wong, K.-T.; Bassani, D.M. Supramolecular gating
of TADF process in self-assembled nano-spheres for high-resolution OLED applications. Chem. Commun. 2022, 58, 1163–1166.
[CrossRef] [PubMed]

17. Takaishi, K.; Maeda, C.; Ema, T. Circularly polarized luminescence in molecular recognition systems: Recent achievements.
Chirality 2023, 35, 92–103. [CrossRef] [PubMed]

18. Eliseeva, S.V.; Bunzli, J.-C.G. Lanthanide luminescence for functional materials and bio-sciences. Chem. Soc. Rev. 2010, 39, 189–227.
[CrossRef]

19. Zhan, X.; Xu, F.F.; Zhou, Z.; Yan, Y.; Yao, J.; Zhao, Y.S. 3D laser displays based on circularly polarized lasing from cholesteric
liquid crystal arrays. Adv. Mater. 2021, 33, 2104418. [CrossRef] [PubMed]

20. Shuvaev, S.; Fox, M.A.; Parker, D. Monitoring of the ADP/ATP ratio by induced circularly polarised europium luminescence.
Angew. Chem. 2018, 130, 7610–7614. [CrossRef]

21. Sherson, J.F.; Krauter, H.; Olsson, R.K.; Julsgaard, B.; Hammerer, K.; Cirac, I.; Polzik, E.S. Quantum teleportation between light
and matter. Nature 2006, 443, 557–560. [CrossRef] [PubMed]

22. Patil, Y.; Demangeat, C.; Favereau, L. Recent advances in room temperature phosphorescence of chiral organic materials. Chirality
2023. early view. [CrossRef]

23. Feuillastre, S.; Pauton, M.; Gao, L.; Desmarchelier, A.; Riives, A.J.; Prim, D.; Tondelier, D.; Geffroy, B.; Muller, G.; Clavier, G.
Design and synthesis of new circularly polarized thermally activated delayed fluorescence emitters. J. Am. Chem. Soc. 2016, 138,
3990–3993. [CrossRef]

24. MacLean, M.W.A.; Wood, T.K.; Wu, G.; Lemieux, R.P.; Crudden, C.M. Chiral Periodic Mesoporous Organosilicas: Probing Chiral
Induction in the Solid State. Chem. Mater. 2014, 26, 5852–5859. [CrossRef]

25. Ng, M.-K.; Chow, H.-F.; Chan, T.-L.; Mak, T.C. Synthesis and chiroptical properties of axially chiral, binaphthol-based oligomers.
Tetrahedron Lett. 1996, 37, 2979–2982. [CrossRef]

26. Takaishi, K.; Hinoide, S.; Matsumoto, T.; Ema, T. Axially chiral peri-xanthenoxanthenes as a circularly polarized luminophore. J.
Am. Chem. Soc. 2019, 141, 11852–11857. [CrossRef]

27. Li, Y.; Xue, C.; Wang, M.; Urbas, A.; Li, Q. Photodynamic chiral molecular switches with thermal stability: From reflection
wavelength tuning to handedness inversion of self-organized helical superstructures. Angew. Chem. Int. Ed. 2013, 52, 13703–13707.
[CrossRef]

28. Fang, F.-C.; Chu, C.-C.; Huang, C.-H.; Raffy, G.; Del Guerzo, A.; Wong, K.-T.; Bassani, D.M. Versatile one-step introduction of
multiple hydrogen-bonding sites onto extended π-conjugated systems. Chem. Commun. 2008, 6369–6371. [CrossRef]

29. Takaishi, K.; Kawamoto, M.; Tsubaki, K. Multibridged chiral naphthalene oligomers with continuous extreme-cisoid conformation.
Org. Lett. 2010, 12, 1832–1835. [CrossRef]

https://doi.org/10.1126/science.1205962
https://doi.org/10.1021/cr990125q
https://www.ncbi.nlm.nih.gov/pubmed/11740927
https://doi.org/10.1002/anie.201101945
https://www.ncbi.nlm.nih.gov/pubmed/21692156
https://doi.org/10.1021/ma302595g
https://doi.org/10.1039/c2cc33438k
https://www.ncbi.nlm.nih.gov/pubmed/22684315
https://doi.org/10.1039/c3cc47288d
https://doi.org/10.1021/acsnano.5b06261
https://doi.org/10.1039/C9QM00636B
https://doi.org/10.1021/acsami.7b06640
https://doi.org/10.1039/D0CS00391C
https://www.ncbi.nlm.nih.gov/pubmed/33231588
https://doi.org/10.1002/adma.201405474
https://doi.org/10.1039/D0NR06835G
https://doi.org/10.1039/D1CC06120H
https://www.ncbi.nlm.nih.gov/pubmed/34981085
https://doi.org/10.1002/chir.23522
https://www.ncbi.nlm.nih.gov/pubmed/36477924
https://doi.org/10.1039/B905604C
https://doi.org/10.1002/adma.202104418
https://www.ncbi.nlm.nih.gov/pubmed/34337797
https://doi.org/10.1002/ange.201801248
https://doi.org/10.1038/nature05136
https://www.ncbi.nlm.nih.gov/pubmed/17024089
https://doi.org/10.1002/chir.23551
https://doi.org/10.1021/jacs.6b00850
https://doi.org/10.1021/cm501826b
https://doi.org/10.1016/0040-4039(96)00478-9
https://doi.org/10.1021/jacs.9b06240
https://doi.org/10.1002/anie.201306396
https://doi.org/10.1039/b813704h
https://doi.org/10.1021/ol100582v


Molecules 2023, 28, 3382 14 of 14

30. Suzuki, S.; Fujii, T.; Baba, H. Interpretation of electronic spectra by configuration analysis: Absorption spectra of monosubstituted
naphthalenes. J. Mol. Spectrosc. 1973, 47, 243–251. [CrossRef]

31. Takaishi, K.; Yamamoto, T.; Hinoide, S.; Ema, T. Helical Oligonaphthodioxepins Showing Intense Circularly Polarized Lumines-
cence (CPL) in Solution and in the Solid State. Chem. Eur. J. 2017, 23, 9249–9252. [CrossRef] [PubMed]

32. Uejima, M.; Sato, T.; Yokoyama, D.; Tanaka, K.; Park, J.-W. Quantum yield in blue-emitting anthracene derivatives: Vibronic
coupling density and transition dipole moment density. Phys. Chem. Chem. Phys. 2014, 16, 14244–14256. [CrossRef] [PubMed]

33. Im, Y.; Kim, M.; Cho, Y.J.; Seo, J.-A.; Yook, K.S.; Lee, J.Y. Molecular design strategy of organic thermally activated delayed
fluorescence emitters. Chem. Mater. 2017, 29, 1946–1963. [CrossRef]

34. Nawara, K.; Waluk, J. Goodbye to quinine in sulfuric acid solutions as a fluorescence quantum yield standard. Anal. Chem. 2019,
91, 5389–5394. [CrossRef]

35. Kimoto, T.; Tajima, N.; Fujiki, M.; Imai, Y. Control of Circularly Polarized Luminescence by Using Open-and Closed-Type
Binaphthyl Derivatives with the Same Axial Chirality. Chem.–Asian J. 2012, 7, 2836–2841. [CrossRef] [PubMed]

36. Berova, N.; Nakanishi, K.; Woody, R.W. Circular Dichroism: Principles and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2000.
37. Harada, N.; Nakanishi, K. Exciton chirality method and its application to configurational and conformational studies of natural

products. Acc. Chem. Res. 1972, 5, 257–263. [CrossRef]
38. Rosini, C.; Superchi, S.; Peerlings, H.; Meijer, E. Enantiopure dendrimers derived from the 1,1′-binaphthyl moiety: A correlation

between chiroptical properties and conformation of the 1,1′-binaphthyl template. Eur. J. Org. Chem. 2000, 2000, 61–71. [CrossRef]
39. Van Es, J.; Biemans, H.; Meijer, E. Synthesis and characterization of optically active cyclic 6,6′-dinitro-1,1′-binaphthyl-2,2′-diethers.

Tetrahedron-Asymmetry 1997, 8, 1825–1831. [CrossRef]
40. Deuβen, H.; Shibaev, P.; Vinokur, R.; Bjørnholm, T.; Schaumburg, K.; Bechgaard, K.; Shibaev, V. New 6,6′-disubstituted-binaphthol

derivatives as chiral dopants: Synthesis and temperature dependence of molecular conformations. Liq. Cryst. 1996, 21, 327–340.
[CrossRef]

41. Arrico, L.; Di Bari, L.; Zinna, F. Quantifying the Overall Efficiency of Circularly Polarized Emitters. Chem. Eur. J. 2021, 27,
2920–2934. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/0022-2852(73)90008-8
https://doi.org/10.1002/chem.201702143
https://www.ncbi.nlm.nih.gov/pubmed/28556999
https://doi.org/10.1039/C4CP01428F
https://www.ncbi.nlm.nih.gov/pubmed/24914488
https://doi.org/10.1021/acs.chemmater.6b05324
https://doi.org/10.1021/acs.analchem.9b00583
https://doi.org/10.1002/asia.201200725
https://www.ncbi.nlm.nih.gov/pubmed/23038101
https://doi.org/10.1021/ar50056a001
https://doi.org/10.1002/(SICI)1099-0690(200001)2000:1&lt;61::AID-EJOC61&gt;3.0.CO;2-I
https://doi.org/10.1016/S0957-4166(97)00185-7
https://doi.org/10.1080/02678299608032841
https://doi.org/10.1002/chem.202002791

	Introduction 
	Results 
	Synthesis 
	Characterization of Nanostructures 
	Photophysical Properties 
	Chiroptical Properties 

	Discussion 
	Materials and Methods 
	Preparation of Nanospheres 
	Techniques for Characterization 

	Conclusions 
	References

