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Abstract
Understanding the precise molecular arrangement of chiral supramolecular poly-
mers is essential not only to comprehend complex superstructures like proteins
and DNA but also for the development of next-generation optoelectronic materi-
als, including materials displaying high-performance circularly polarized lumines-
cence (CPL). Herein, we report the first chiral supramolecular polymer systems
based on hydrazone–pyridinium conjugates comprising alkyl chains of different
lengths, which afforded control of the apparent supramolecular chirality. Although
supramolecular chirality is governed basically by the remote chiral centers of alkyl
chains, helicity inversion was achieved by controlling the conditions under which the
hydrazone building blocks underwent aggregation (i.e., solvent compositions or tem-
perature). More importantly, the addition of water to the system led to aggregation-
induced hydrazone deprotonation, which resulted in a completely different self-
assembly behavior. Structural water molecules played an essential role, forming the
assembly’s channel-like backbone, around which hydrazone molecules gathered as
a result of hydrogen bonding interactions. Further co-assembly of an achiral hydra-
zone luminophore with the given supramolecular polymer system allowed the fabri-
cation of a novel CPL-active hydrazone-based material exhibiting a high maximum
value for the photoluminescence dissymmetry factor of −2.6 × 10−2.

K E Y W O R D S
circularly polarized luminescence (CPL), helicity control, hydrazone, self-assembly, structural water,
supramolecular polymerization

1 INTRODUCTION

Chirality is a fundamental characteristic of natural systems
found at various levels, from the subatomic and molecular
levels to the macroscopic scale. Some of the best exam-
ples of chirality are found in biological systems: L-amino
acids, D-sugars, the right-handed α-helix of proteins, and the
right-handed double helix of DNA. Notably, chirality at the
supramolecular level—that is the chirality of self-assembled
systems—has become the focus of substantial research inter-
est, because it affects the further formation of superstruc-
tures responsible for complex biological functions, such as
target recognition and catalysis.[1] Against this backdrop, the
field of supramolecular chemistry has been rapidly develop-
ing, given that it is closely related to molecular self-assembly,
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and its study enables us to better understand biological sys-
tems and construct biomimetic systems.[2]

Defined by Lehn, supramolecular chemistry is a field of
chemistry dealing with complex species composed of two
or more individual molecules kept together by noncovalent
interactions.[3,4] Beyond the biological context, integration
between the academic disciplines of supramolecular chem-
istry and polymer science resulted in a whole new type of
polymer called supramolecular polymer,[5] which possesses
beneficial functional properties such as reversibility,[6–9]

adaptability,[10] self-healing,[11,12] and responsiveness to
stimuli.[13] Endowing supramolecular systems with chirality
allows materials to be used in various fields, including sens-
ing, catalysis, optical switches, memory, and optoelectronic
devices.[1,2,14]
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One emerging utility of chiral supramolecular systems is
circularly polarized luminescence (CPL). An electromagnetic
wave consists of an oscillating electric field and an oscil-
lating magnetic field that is perpendicular to each other,
moreover, the direction of the oscillation of the electric
field is referred to as the direction of polarization. Natural
light is composed of electromagnetic waves that are polar-
ized in all directions randomly, so it is overall unpolarized.
However, CPL is the phenomenon whereby photolumines-
cence exhibits stronger intensity along the direction of left-
handed circular polarization than that along the direction of
right-handed circular polarization, or vice versa. When CPL-
active materials are placed in a dissymmetric environment
and are photoexcited, they produce such circularly polarized
emissions.[2,15] CPL has drawn much attention, because of
the potential for it to be exploited in state-of-the-art studies
in various research fields, such as 3D displays,[16–19] opti-
cal sensors,[20–22] optoelectronic devices,[23–25] and quantum
information processing.[26–28] The CPL performance is char-
acterized by a photoluminescence dissymmetry factor (glum),
a normalized value of differential CPL intensities.[29–31]

Although a number of chiral materials exhibiting CPL activ-
ity have been reported, developing such materials that are
characterized by a high glum has become a key goal for their
practical use.[31,32] Recent research work aimed at devel-
oping ideal CPL candidates has focused on organic sys-
tems, particularly self-assembling ones.[30,33,34] Even achiral
luminophores can develop CPL as a result of a self-assembly
process taking place in a dissymmetric environment; specif-
ically, this goal is mostly achieved via the incorporation into
the supramolecular assembly of chiral host materials or the
application of external forces (e.g., vortex flow).[35–37] In
such an approach, various organic emitters can be utilized,
ensuring efficient progress in CPL-active materials.

We recently reported the development of bis-hydrazone–
pyridinium conjugates (BHs), which form one-dimensional
nanowires through the supramolecular polymerization
process.[38] Helical nanowires were created in this case
while the building blocks were self-assembled by direct
intermolecular interaction; however, helicity control was
not achieved. Herein, we report BHs substituted with chi-
ral alkyl chains, which self-assembled preferentially in a
particular direction, affording helicity control. Importantly,
this supramolecular chirality could be inverted by tuning
environmental conditions such as solvent composition or
building block aggregation temperature. More interestingly,
by adding water, BHs were observed to form co-assemblies
comprising water through hydrogen bonding interactions
(Scheme 1). This network of chiral BHs that include struc-
tural water molecules exhibits strong CPL. We previously
reported the aggregation-induced emission (AIE) proper-
ties of a hydrazone-based achiral fluorophore (BAH-1)
that were turned on or off by the reversible adsorption of
water molecules.[39] Adopting BHs as a chiral platform, we
successfully generated CPL from BAH-1 by forming a co-
assembly with BHs under conditions whereby water could
be added. The thus generated CPL exhibited a maximum
|glum| value of 2.6 × 10−2, which is comparable to the ampli-
fied CPL obtained in self-assembled systems of previous
works.[40–44] Although the exact mechanism through which
BHs successfully transferred their own chirality to BAH-1
has not yet been clarified, the structural characteristics of the

single-crystals of a model compound of BHs emphasized
the importance of the hydrogen bonding network of the
water molecules as the driving force of the formation of the
co-assembled structure.

2 RESULTS AND DISCUSSION

A series of BHs substituted with alkyl chains were syn-
thesized via condensation of hydrazide derivatives and 4-
pyridinecarboxaldehyde followed by nucleophilic substitu-
tion with p-xylylene dibromide (Figure 1A). In order to deter-
mine how the identity of the alkyl chain affects the shape
of the supramolecular BH-based polymer, we compared the
scanning electron microscopy (SEM) images and circular
dichroism (CD) spectra of BHs comprising different alkyl
chain substituents drop-casted on a glass substrate. Based
on the SEM images, the presence of a long alkyl chain
seemed to lead to the formation of uniformly shaped helical
wires. Indeed, the shortest BH, BH1 (i.e., no alkyl substituent
groups), formed short nanosheets, but compounds from BH4
to BH7, which have alkyl chains at their termini, success-
fully self-assembled to form helical wires (see Figure 1B,C
and Figure S1).

Another significant factor affecting the shape of self-
assembled BH wires was observed to be the chirality of
the alkyl substituents. Similar to what was observed in pre-
vious studies on helical supramolecular assemblies,[45–47]

we found that the chirality of alkyl substituents determined
the overall supramolecular helicity. A negative Cotton effect
was observed in the CD spectrum of the film of S,S-BH5,
which comprises (S)-2-methylbutoxy groups as substituents;
by contrast, a positive Cotton effect was observed in the CD
of R,R-BH5 (Figure 1D,E). In addition, it seems that the CD
spectrum of S,S-BH5 might have two Cotton effects, first at
360 nm and second at 305 nm. However, considering that
only one Cotton effect was observed in the CD spectrum of
R-isomer, we assumed this change was not a Cotton effect,
in which the inversion of signal occurred due to the baseline
shifting. The same divergence in helicity was also observed
in SEM images: supramolecular assemblies obtained with S
chiral alkyl chains exhibited M helicity, while supramolecu-
lar assemblies obtained with R chiral alkyl chains exhibited P
helicity (Figure 1B,C). In transmission electron microscopy
(TEM) images, oblong BH nanosheets were visible, which in
part rolled up (Figure S2). The evidence thus suggests that the
longer the alkyl chains are, the longer also are the nanosheets.
At the same time, solvent vaporization induces the scrolling
of nanosheets; as a result, helical nanowires are observed.[48]

We assume that the terminal chirality tilts the overall align-
ment of the molecules in nanosheets, so that only one helicity
may be favored.

In order to understand the relationship between molecu-
lar arrangement and observed helicity, the CD spectra of chi-
ral monohydrazones S-H5 and R-H5 were calculated (Figure
S3). Based on the antiparallel stacking structure of the mono-
hydrazone model compound of our previous work,[38] we
designed the stacked model compounds with terminal alkyl
chains. In order to determine the local geometries of model
compounds, we performed density functional theory calcu-
lations using a hybrid functional B3LYP and 6–311++G**
basis set implemented in Gaussian 16 program.[49] Further
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S C H E M E 1 Pathways of supramolecular polymerization of bis-p-pyridinium benzoyl hydrazone in different environments

F I G U R E 1 (A) Synthesis of alkyl-substituted hydrazone–pyridinium conjugates. (B,C) Scanning electron microscopy images of bis-hydrazones
(1.0 × 10−4 M in methanol) whose termini were substituted with (B) an S-chiral alkyl group (S,S-BH5) or (C) an R-chiral alkyl group (R,R-BH5). Approxi-
mately 10 μL of each solution was drop-casted on the glass, which was subsequently dried under vacuum. (D,E) Circular dichroism (CD) spectra of S,S-BH5
(D) and R,R-BH5 (E); a BH5 1.0 × 10−3 M solution in methanol was utilized to record the CD spectra (50 μL of the solution was drop-casted on the glass;
glass size: 1.1 × 4.0 cm2). EtOH: ethanol; Me: methyl

optimizations were carried out using the Turbomole 7.3 pro-
gram with def2-SVP basis set to observe the molecular stack-
ing behavior of S-H5 and R-H5 in the six-layered form with
a tilt angle of ∼10◦, respectively. According to the simu-
lated structures, the two model compounds tended to stack
in opposite directions. The alkyl chain with S chirality in
S-H5 induced the central chromophores to stack on top of
each other in an anticlockwise direction, while the alkyl chain
with R chirality induced the central chromophores to stack in
a clockwise direction. Moreover, the calculated CD spectra
appeared to be in good agreement with the experimental CD
spectra of BH5s, corroborating the idea that terminal chirality
controls the arrangement of central chromophores.

A more in-depth investigation of the chiral supramolecular
polymerization process was then conducted using S,S-BH5,
and R,R-BH5 solutions in methanol/toluene co-solvent sys-
tems. A small amount of HCl was also added to the co-solvent
systems to prevent the appearance of a charge transfer (CT)
band by deprotonation, which is a typical absorption band
appearing in a merocyanine-type dye.[50,51] The aggrega-

tion process was monitored by UV–Visible (UV–Vis) absorp-
tion and CD spectroscopy as the proportion of toluene in
the co-solvent system was made to increase. BH5 molecules
are readily dissolved in methanol, so they tend to exist in
monomeric form until the toluene proportion increases above
the value of 95% (v/v). At a methanol/toluene volume ratio
of 3/97, S,S-BH5 exhibited a negative Cotton effect, while
R,R-BH5 exhibited a positive Cotton effect (Figure 2A,B),
similarly to the CD spectra recorded in films.

Interestingly, a rapid inversion of chirality was observed
in the CD spectra when the sample was prepared in a sol-
vent characterized by a methanol/toluene volume ratio of
1/99. Using S,S-BH5, the solvent-induced chirality inver-
sion was also observed at higher S,S-BH5 concentra-
tions (35 and 50 μM; Figure S4). However, the over-
all shape of the UV–Vis absorption spectra of BH5s in
methanol/toluene = 1/99 appeared almost identical to that
of BH5s in methanol/toluene = 3/97 or films (Figures S4
and S5). The evidence thus suggests that only the molecular
stacking changed the other way around (i.e., helicity inversion

 26924560, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/agt2.168 by U

lsan N
ational Institute O

f, W
iley O

nline L
ibrary on [08/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 9 AGGREGATE

F I G U R E 2 (A,B) Solvent-induced supramolecular chirality inversion observed by circular dichroism (CD) spectrometry in the case of 2.0 × 10−5 M
solutions of (A) S,S-BH5 and (B) R,R-BH5 in methanol/toluene (v/v = 5/95, 3/97, and 1/99) in the presence of HCl. (C) Temperature-induced change of
absorption and CD spectra observed for S,S-BH5 (5.0 × 10−5 M in methanol/toluene = 1/99), before (blue line), and after (red line) the heating-cooling
process. Notably, the solution was heated to 55◦C for ∼7 min, at which time the spectrum of the solution was recorded (gray line); the solution was then slowly
cooled to 14◦C at a rate of 2 K/min. (D) The plot of the value of the fraction of aggregates (αagg) versus the temperature; the plot also includes the theoretical
lines for the isodesmic (black line) and cooperative (red line) model of supramolecular polymerization. (E) Schematic representation of how the kinetically or
thermodynamically controlled supramolecular polymers of S,S-BH5 could be formed

occurred) at high BH5 concentrations or under fast aggrega-
tion conditions. According to SEM evidence, BH5s prepared
in similar conditions consisted of short nanosheets (Figure
S6).

We performed temperature-dependent CD studies on S,S-
BH5 to gain an in-depth understanding of the mech-
anism of supramolecular polymerization (Figure 2C,D).
When the temperature of the S,S-BH5 solution in
methanol/toluene = 1/99 was made to increase up to 55◦C,
the CD signal was significantly diminished. The remaining
positive signal totally disappeared by further heating, and
the inversed Cotton effect of a strong negative signal was
observed after slowly cooling the solution to 14◦C (cooling
rate: 2 K/min). The same phenomenon was observed to occur
at various S,S-BH5 concentrations (Figure S7). Consider-
ing all these changes, we assume that the inversion of chi-
rality observed in temperature-dependent CD measurements
was due to the disassembly of the kinetically favored aggre-
gates, followed by the formation of the thermodynamically
favored supramolecular polymer (Figure 2E). The aggrega-
tion rate seems thus to play an important role in determin-

ing the type of product. At a methanol/toluene volume ratio
of 1/99, S,S-BH5 monomers are kinetically trapped by the
fast aggregation process. On the other hand, at higher val-
ues for the methanol content of the co-solvent system, the
monomers tend to aggregate slowly and form the most sta-
ble assemblies—i.e., the thermodynamically favored species
forms. In addition, the kinetically favored aggregates are
much shorter than their thermodynamically favored counter-
parts, presumably due to the unfavorable molecular arrange-
ment (Figure S6). Using R,R-BH5, we observed that the
exact opposite CD signals appeared when the same experi-
ments were conducted. Since the transition from the kinetic
product (obtained in methanol/toluene = 1/99) to the ther-
modynamic product (obtained implementing the heating-
cooling process) works via a monomeric state, determining
the amount of energy supplied to the system during the dis-
assembly process would be important to predict the product
obtained after cooling. We varied the heating time from 10 to
40 min, and we found the resulting two products to exhibit
different CD spectra (Figure S8). The sample that had been
heated for a shorter period of time displayed a CD spectrum
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with the exact shape in which the thermodynamic and kinetic
products co-exist. By contrast, the sample heated for a longer
period of time was demonstrated to consist of the thermo-
dynamic product, supporting our hypothesis on the transition
between kinetic and thermodynamic products.

We further investigated the cooling curves obtained from
the temperature-dependent CD studies. First, we observed the
gradual disassembly of S,S-BH5 brought about by heating
through monitoring the CD signal at 353 nm (Figure S9A).
During the slow cooling process, we monitored the CD sig-
nal at 425 nm and observed the formation of the thermo-
dynamic product (Figure S9B). The αagg value was calcu-
lated from the cooling curve and plotted as a function of
the temperature (Figure 2D). Unlike the results of our previ-
ous study,[38] the development of a supramolecular polymer
using S,S-BH5 could be described well by the nucleation–
elongation model,[52,53] rather than by the isodesmic model,
indicating that the monomers had assembled cooperatively in
the present case. Based on the simulation performed using
the nucleation–elongation model, Te, and Ka were calculated
to have values of ∼320 K and 3.0 × 10−3, respectively.
Representative examples of cooperative supramolecular poly-
merization usually exhibit nearly ten times lower Ka values
(Table S1). Our system exhibits a gentle onset of elongation
regime, with a higher Ka value than those previously reported,
which refers to a lower degree of cooperativity (≈Ka

–1/3). Our
system is comparable to those reported for bis(merocyanine)
dyes (Ka of 1.22–1.46 × 10−3).[54]

Next, we replaced toluene with water in the co-solvent sys-
tem. In this case, we did not add HCl to the solvent mix-
ture because the system seemed to include enough protons.
The water molecules seemed to engage in hydrogen bonding
interactions with hydrazone molecules, and, surprisingly, the
aggregation process facilitated the removal of the acidic pro-
ton of the hydrazone (Figure 3A). This aggregation-induced
deprotonation is uncommon; in fact, the present observation
is the first such case reported for hydrazone. The light yellow
color of the methanol solution, due to the presence of S,S-
BH5 in the monomeric state, became orange as a result of the
addition of water (Figure 3B,C). One could assume that this
change is due to the charge transfer induced by water. How-
ever, the CT band of the hydrazones showed hypsochromic
shifts with solvent polarity, similar to that of Brooker’s mero-
cyanine dye.[38] We confirmed the formation of the zwitteri-
onic form of S,S-BH5, which we named S,S-BQ5, by ana-
lyzing the orange precipitates isolated from the suspension.
Indeed, in the 1H-NMR spectra of the orange precipitates,
the resonances due to the aromatic protons of the pyridinium
ring (Hb and Hc) were observed to shift upfield with respect to
those of as-is powder, along with resonances due to the imine
(Hd) and benzyl (Hh) protons (Figure 3D). More importantly,
the resonance due to the acidic proton (Ha) disappeared alto-
gether, indicating that the orange precipitate consisted of S,S-
BQ5. The characteristics of the UV–Vis absorption (Figure
S10) and Fourier-transform infrared (FT-IR) (Figure S11)
spectra of three different powders (as-is, precipitates obtained
from methanol/water, and deprotonated powder) prepared
using S,S-BH5, and external base also support the formation
of S,S-BQ5 in the methanol/water co-solvent system.

We also monitored the changes in the UV–Vis absorp-
tion and CD spectra of a S,S-BH5 solution as a result of
the progressive addition of water to it (Figure 3E). Until the

water proportion in the co-solvent system remained below
70%, the spectra remained unchanged. Once the said value
was reached, the intensity of the absorption peak due to the
monomer at 348 nm decreased dramatically; moreover, a new
absorption peak at 510 nm appeared as a result of the fur-
ther addition of water (methanol/water = 1/9). These changes
in the absorption spectra were accompanied by the opacifi-
cation of the solution and by the appearance of a CD sig-
nal, which suggested that S,S-BH5 aggregation was the driv-
ing force of the deprotonation. Notably, the same phenomena
were observed in the case of R,R-BH5, while no CD signals
were observed for the racemic mixture of S,S-BH5, and R,R-
BH5 (rac-BH5; Figure S12).

Deprotonated hydrazones could still self-assemble into
wires (Figure S13). In this case, it seemed obvious that the
molecular arrangement and intermolecular interactions con-
tributing to the supramolecular polymerization process would
differ from that of BH1. In order to further investigate how
the alkyl-substituted hydrazones aggregate in the presence of
water, single crystals of the model compound H4 were grown
in a basic aqueous solution (Figure 4A). The deprotonated
H4, dubbed Q4, formed two types of crystals: needle-shaped
(Figure S14) and flat diamond-shaped (Figure S15). The
needle-shaped crystals belonged to the P21/c space group,
whereby the molecules were packed in a zigzag arrangement
(Figure S14B). In the needle-shaped crystals, both the O and
N atoms of the amide moiety (O=C–N) of hydrazone partici-
pated in hydrogen bonding interactions with water molecules,
resulting in a lengthened C=O bond (1.25 Å) compared
to H1 (1.21 Å).[38] On the other hand, in the case of the
flat diamond-shaped crystals (P-1 space group), only the O
atom engaged in hydrogen bonding interactions with water
molecules. Owing to the electron donation from the free N
atom to the O atom, the C–N bond appeared to be slightly
shorter in the flat diamond-shaped crystals than in the needle-
shaped crystals (1.34 Å vs. 1.36 Å), while the C=O bond
appeared to be longer (1.27 Å).

We assumed that the supramolecular polymerization would
follow the molecular arrangement of the needle-shaped crys-
tals since these crystals were much more abundant than
the flat diamond-shaped ones. Interestingly, we found a
hydrogen-bonding network of “structural water” molecules
(Figure 4B). Unlike H1 molecules, which stacked as a result
of direct intermolecular interactions, the water molecules
acted as essential co-monomers forming the network that
plays the role of the backbone of the structure and gathered
Q4 molecules around the periphery of the said backbone as a
result of hydrogen bonding interactions. The assembly resem-
bles that of mosaic viruses and other monomers coated on
their surface.[55] Organic materials whereby structural water
molecules drive the material’s self-assembly have been rarely
reported.[56–58] In fact, to the best of our knowledge, the
present study represents the first reported case of water-driven
self-assembly achieved solely using hydrazone derivates, in a
system, in other words, that did not include any metal ions,
which are known to form Metallo-supramolecular assemblies
with water and ligand molecules.[59,60]

According to the evidence from the crystal structure,
neighboring Q4 molecules aligned in a complex fashion
with one another. The two adjacent Q4 molecules not con-
nected to each other by hydrogen bonds were positioned
antiparallel to each other, similarly to what was observed
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F I G U R E 3 (A) Schematic representation of how the intermolecular interactions of the hydrazone chromophore change as a result of the addition of water.
(B,C) Absorption spectra of a S,S-BH5 1.0 × 10−4 M solution in (B) pure methanol (MeOH) and (c) in a 1/9 (v/v) MeOH/water co-solvent system. Insets:
photos of the corresponding solutions. (D) 1H-NMR spectra of S,S-BH5 comparing the as-is powder (down) and precipitates collected from MeOH/water (1/9)
solution (up). Each sample was dissolved in DMSO-d6. (E) Absorption and circular dichroism (CD) spectra of solutions of S,S-BH5 in MeOH/water (1.0 ×
10−4 M) as the proportion of water in the co-solvent system increased from 10% to 90%. The CD spectrum of S,S-BH5 in MeOH/toluene (5.0 × 10−5 M) is
also plotted for comparison (black dashed line)

F I G U R E 4 (A) Synthesis of single crystals using model compound Q4. (B,C) Two-dimensional crystal packing arrangements, viewed along the (B)
b-axis and (C) c-axis. Notably, some O and N atoms of certain Q4 molecules are represented as dotted circles, while the rest of the structure is removed for
clarity

for H1 molecules. However, the two adjacent Q4 molecules
bound through structural water molecules were observed to
be arranged in parallel to each other (Figure 4C). These
two parallel molecules are relatively far apart; the distance

between the two planes containing each hydrazone is 5.92 Å.
The presence of such a large void prevents direct intermolecu-
lar interactions so that the Q4 molecules interact only through
the hydrogen bonds with the water backbone. In addition,
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F I G U R E 5 Chirality transfer from BQ5 to the achiral fluorophore BAH-1. (A) Absorption and circular dichroism (CD) spectra of S,S-BQ5 (1.0 ×

10−4 M) co-assembled with BAH-1 (from 0.125 to 4 equiv. with respect to S,S-BQ) in methanol/water (1:9 v/v). (B) Circularly polarized luminescence (CPL)
spectra of (S,S)-1, which consisted of S,S-BQ5 (1.0 × 10−4 M) co-assembled with BAH-1 (1 equiv.) in methanol/water (1:9 v/v), plotted with photolumi-
nescence (PL) spectra below. PL sepctra were excited at the wavelength of 340 nm. (C) Schematic illustration of the co-assembly of BQ5 and BAH-1 (left:
aggregation-induced emission of BAH-1 Ref. [39]). (D) Schematic representation of the proposed mechanism for dual emission in BAH-1. ESIPS: excited-state
interlayer proton shift; ESIPT: excited-state interlayer proton transfer; glum: luminescence dissymmetry factor

the lengths of the N–N bond of the hydrazone moiety and
the C=C bonds of the pyridinium ring did not change mean-
ingfully. Notably, the polar environment and intermolecular
hydrogen bonding interactions appeared to favor the localiza-
tion of the charge and to favor the zwitterionic form.

Finally, we utilized the supramolecular polymers of BQ5s
as chiral platforms for generating CPL, with an achiral hydra-
zone luminophore, BAH-1. Hydrazone has been rarely used
in CPL-active materials,[61,62] although its derivatives exhibit
aggregation-induced emission (AIE) activities.[39] We first
confirmed that the supramolecular chirality observed in S,S-
BH5 preserved in the co-assembled system (S,S)-1, which
consists of S,S-BQ5, and BAH-1 (Figure 5A). SEM images
of (S,S)-1 proved that the system maintained a wire-type
assembly (Figure S16). The intensity of the CD signal of
(S,S)-1 was more than 10 times as large as the intensities
of the CD signals of S,S-BH5 and S,S-BQ5 (Figure S17A).
Considering that the supramolecular chirality arises as a
result of the aggregation of individual molecules, it is obvious
that BAH-1 molecules facilitated the formation of aggregated
species by lowering their solubility. Here, we used dimethyl
sulfoxide (DMSO) as the solvent to dissolve the BAH-1 to
the desired concentration while preparing (S,S)-1. In order to
confirm that the solvent does not lead to CD signal amplifi-

cation, we used pure DMSO instead of the BAH-1 solution
for the co-assembly process, and we observed that adding a
small amount of DMSO did not induce any significant change
in the CD spectrum of S,S-BH5 (Figure S17B).

We further investigated the emission spectrum of (S,S)-
1 (Figure 5B). The emission spectrum was similar to that
of BAH-1 in our previous report,[39] which demonstrated
that the hydrogen bonding between BAH-1 and water
molecules effectively restricts the intramolecular rotation
(RIR)[63] and facilitates the excited-state interlayer proton
shift (ESIPS),[64] resulting in dual emission. Interestingly,
a new emission band at around 540 nm was also observed,
which we will discuss later. Photoluminescence excitation
(PLE) measurements conducted on the systems confirmed
that the UV–Vis absorption of BAH-1 in the hydrogen bond-
ing network (at ∼350 nm; highlighted in Figure 5A) is the
main contributor to the observed emission (Figure S18).
Notably, no new Cotton effects were observed in this absorp-
tion region, leading us to assume that the BAH-1 molecules
themselves would not be closely spaced to each other for
exciton coupling. Although we could not find direct evidence
of a chirality transfer from the BQ5–water network to BAH-1
in the CD spectra, the occurrence of this transfer is assured
by the strong CPL signals with a maximum glum value of
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−2.6 × 10−2. Comparing the signs of CD and CPL observed
in them, we found the inversion of sign; the CPL signal is
positive when a negative Cotton effect is observed in the
CD spectrum, and the CPL signal is negative when the sys-
tem is characterized by a positive Cotton effect. Regarding
these opposite signs of CD and CPL spectra, we suppose
that the CD spectra reveal the ground state chirality while
the CPL spectra reveal that of the excited state. Even though
the absolute PL quantum yield (PLQY) was lower than 0.1%,
the glum value was relatively high and comparable to those
of CPL-amplified systems previously reported.[40–44] (R,R)-
1 was prepared to utilize R,R-BQ5 in place of S,S-BQ5. The
two systems exhibited mirror-image CPL signals in the emis-
sion region.

Considering that the structural water molecules formed the
backbone of the assembly, we propose the schematic illustra-
tion of which BAH-1 molecules were placed near the BQ5 or
water molecules of the backbone (Figure 5C). The location
and shape of the first and second emission bands of (S,S)-
1 are identical to the corresponding bands in the emission
spectrum of BAH-1, which has been aggregated under the
water.[39] Based on this observation, we were able to infer
that the first emission peak at 435 nm arose as a result of
the reinforced RIR process, while the second peak at 470 nm
arose as a result of the ESIPS occurring between BAH-1 and
water molecules. For the new emission band (at ∼540 nm),
we propose the transfer of protons—i.e., the occurrence of
an excited-state intermolecular proton transfer (ESIPT)[65]—
instead of a proton shift to explain the appearance of the third
emission band (Figure 5D). Note that BAH-1 is able to form
hydrogen bonds not only with the water molecules but also
with the amide moiety of BQ5. The negatively charged amide
moiety of BQ5 would strongly attract the protons of BAH-1,
leading to their transfer in the excited state. The S1 state of
lower energy would then be generated, and, as a result, the
third emission band appears. The interaction between BAH-1
and BQ5 would ensure the successful transfer of the chirality
from the platform to the doped chromophore, resulting in a
distinct emission spectrum with a strong CPL character.

3 CONCLUSION

We synthesized a series of hydrazone–pyridinium conju-
gates (BHs), which self-assembled into helical nanowires.
The hydrazone building blocks with chiral alkyl substituents
exhibited a single helicity by chiral spatial arrangement
induced by the chiral substituents. On further investigation
of the formation of these helical supramolecular polymers,
we determined that changing solvent composition or the ther-
mal energy balance could change the appearance of the poly-
mers’ CD spectra. Through mechanistic investigations, we
inferred that two types of products are involved in the change:
the thermodynamically-favored and kinetically-favored prod-
ucts. Interestingly, upon the addition of water, deprotona-
tion of the hydrazone chromophore was accompanied by
an aggregation process. Based on structural data obtained
from the single crystals of the model compound Q4, we
were able to conclude that water molecules participated in
the assembly process acting as structural molecules. Notably,
we successfully fabricated a chiral system from BH5 and
water molecules, which exhibited CPL with a high glum

value of −2.6 × 10−2 when further co-assembled with the
achiral luminophore BAH-1. The results of our study on
the supramolecular polymerization of BHs afforded us an
in-depth understanding of the self-assembly of hydrazone
derivatives. The evidence collected provides further oppor-
tunities to develop advanced chiral platforms, which could be
applied to the manufacture of functional soft materials.
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