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ABSTRACT
Methods for fast enantioselective recognition hold relevance in several fields of chemical research. In this context, we studied the

chiral recognition ability of fluorescent supramolecular aggregates formed in solution by chiral, amino acid-functionalized 1,8-

naphthalimide derivatives, namely L-Phe-NI, L-Ala-NI, and D-Ala-NI. First, we studied the photophysical properties of the

fluorophores and their self-assembly process, by concentration- and temperature-dependent UV–vis and fluorescence spectros-

copy, finding that aggregation follows different pathways, isodesmic or cooperative, depending on the functionalization of the

imide position. Subsequently, we investigated the chiral recognition ability of the aggregates formed in acetonitrile solutions,

toward enantiomeric pairs of aromatic alcohols and amines, such as 1-phenylethanol, 1-phenetylethylamine, 1-(2-naphthyl)-

ethanol, and 1-(2-naphthyl)-ethylamine by fluorescence and resonance light scattering measurements. We found that aggregates

of L-Ala-NI exhibited the highest chiral discrimination. Notably, we demonstrated that these aggregates can be embedded onto

solid supports like filter paper strips or polymer films, maintaining their chiral recognition ability.

1 | Introduction

Chirality is a ubiquitous phenomenon in nature, across very
different scales, from nucleic acids and cells to galaxies [1].
In the chemical field, the possibility to distinguish, separate,
or recognize the single components of enantiomeric pairs,
for example, to establish the enantiomeric composition of a
mixture, has key implications in a broad range of application
fields, from medicinal chemistry to nonlinear optics and
separations, to name a few [2, 3]. Chiral recognition events
therefore, imply the occurrence of a significantly different
interaction between a chiral probe and the individual compo-
nents of a given enantiomeric pair, eliciting a distinct and dif-
ferent response. To date, several different techniques have been
successfully developed to this purpose, such as UV–vis and
fluorescence spectroscopy [4], circular dichroism [5], NMR
spectrometry [6, 7], or chiral HPLC [8]. In this context, fluori-
metric methods for chiral recognition have recently garnered

considerable interest owing to fast response, high sensitivity,
and cost-effectiveness [9, 10].

Regarding the probes that can be used as chiral reporters,
recent years have witnessed an increase in interest toward chiral
supramolecular aggregates [2, 11]. Underpinned solely by non-
covalent interactions, chirality in self-assembled systems can
be achieved either by helical self-association of achiral molecules
or by supramolecular polymerization of chiral small molecules
[1]. Consequently, emissive chiral supramolecular polymers
can show significant ability of chiral recognition, when the
individual components perturb the emission of the aggregates
by either emission quenching or enhancement differently.
Among the fluorescent supramolecular aggregates with sensing
capability, we have recently shown that derivatives of 1,8-
naphthalimide, substituted at both the imide- and core position,
can act as fluorescent sensors for pharmaceutically active com-
pounds, showing sub-micromolar limits of detection [12, 13].
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In addition, host-guest complexes of 1,8-naphthalimide deriva-
tives with cucurbit[7]uril have shown chiral discrimination
between the enantiomers of amino acids [14]. Supramolecular
aggregates of 1,8-naphthlaimide functionalized luminogens have
been employed as systems showing circularly polarized lumines-
cence [15, 16], helicity tuning [17], as well as intramolecular
charge transfer (ICT) when tethered to donor π-conjugated moi-
eties [18]. Thus, emissive supramolecular aggregates obtained
from chiral 1,8-naphthalimide-derivatives could, in principle,
exhibit chiral recognition ability.

Based on these considerations, herein we synthesized three chiral
1,8-naphthalimide fluorescent derivatives, namely L-Phe-NI,
L-Ala-NI, and D-Ala-NI, as reported in Figure 1.

In particular, these chiral fluorophores are functionalized at
the imide position with amino acid residues, deriving from
L-phenylalanine and the enantiomeric L- and D-alanine.
Hence, the fluorophores synthesized can interact both by

π–stacking interactions and through hydrogen bonds.
Regarding the aromatic core, it is widely reported in the literature
that substitution at the aromatic ring, especially at the 4-position,
can enhance fluorescence in 1,8-naphthalimides compared with
the unsubstituted analog, and the presence of a chlorine atom
can increase the acceptor character of the fluorophore [19, 20].

Accordingly, 4-halo substituted 1,8-naphthalimides have been
employed as fluorescent sensors for different analytes [13, 21].
Initially, we studied their photophysical properties by solvent-
dependent UV–vis and fluorescence measurements. In addition,
we determined the relative fluorescence quantum yield in
selected solvents. Then, we investigated the self-assembling abil-
ity of each fluorophore in the aggregation supporting solvents
like acetonitrile and water, by concentration- and temperature-
dependent UV–vis and fluorescence measurements, to elucidate
the aggregation mechanism as well as the stability of the aggre-
gates and the thermodynamic features of the aggregation process.
Finally, we explored the possibility of using the aggregates in
solution as a chiral recognition platform, toward chiral “guest”
molecules, namely (R)- and (S)-1-phenylethanol (PhEtOH),
(R)- and (S)-1-phenetylethylamine (PhEtNH2), (R)- and (S)-1-
(2-naphthyl)-ethanol (NaphEtOH) and (R)- and (S)-1-(2-naph-
thyl)-ethylamine (NaphEtNH2), reported in Figure 2.

These chiral molecules bear both hydrogen bond donor groups
and aromatic rings. Therefore, they can in principle interact with
the fluorophores through noncovalent interactions such as
hydrogen bonding and π-stacking. In addition, they differ not
only for their chirality, but also for the number of hydrogen
bonding donor sites and for the π-surface area, which may affect
the overall interaction with the fluorescent probes. The chiral
recognition ability was evaluated by fluorescence and resonance
light scattering (RLS) measurements, whereas the interaction
mode between the fluorophores and selected chiral guests was
investigated by 1H NMR. Finally, we assessed the possibility
of chiral recognition also in solid phases, by embedding the
best-performing probe, L-Ala-NI, on solid supports such as paper
strips and poly-(3-hydroxybutirate) polymer films.

FIGURE 1 | Structures of 1,8-naphthalimide derivatives used in this

work.

FIGURE 2 | Structures of chiral guest molecules used in chiral recognition tests.

2 of 15 Chemistry - Methods, 2026

 26289725, 2026, 7, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
td.70132 by U

niversity D
egli Studi D

i Pale, W
iley O

nline L
ibrary on [16/06/2026]. 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



2 | Results and Discussion

2.1 | Synthesis of Fluorophores

All the fluorophores were prepared according to a reported pro-
cedure [22], by reacting 4-chloro-1,8-naphthalimide with the
suitable amino acid in DMF, in the presence of triethylamine,
followed by the addition of hydrochloric acid as reported in
Figure 3, yielding the fluorophores in good to high yield, com-
prised between 70% and 87%.

2.2 | Photophysical Properties of the
Fluorophores

Preliminary investigation of the photophysical properties of
the fluorophores was carried out by solvent-dependent UV–vis
and fluorescence measurements. To this aim, we recorded the
UV–vis and fluorescence spectra of solutions containing a fixed
concentration of fluorophores, in different solvents, spanning a
wide range of polarity, either protic or aprotic. Representative
spectra, relevant to L-Phe-NI, are shown in Figure 4,

FIGURE 3 | Synthesis of the fluorophores.

FIGURE 4 | Superimposed UV–vis spectra of L-Phe-NI (2.8 ⋅ 10−5 M) in (a) apolar aprotic solvents, (b) polar solvents, ACN and H2O in the inset and

(c) binary aqueous solvent mixtures.
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while the ones obtained for the other fluorophores are reported
in Figure S1.

In general, the spectra reported in Figure 4 feature two main
absorption bands, the most intense centered around 340 nm, while
the other one is rather broad, centered in the range between 410
and 440 nm. In particular, as reported in the literature, the former
band can be ascribed to π–π* transitions from the aromatic core
[20], and as reported in Table S1, its position shifts to higher wave-
lengths as solvent polarity increases from 337 nm in 1,4-dioxane to
345 nm in water, suggesting a positive solvatochromism, which
has been previously observed for different 1,8-naphthalimide
derivatives [23]. In addition, while in apolar solvents (Figure 4a),
this band shows a clear fine structure, which is lost in solutions of
more polar solvents, like acetonitrile and water, as shown in the
inset in Figure 4b. This finding could suggest the formation of
supramolecular aggregates in these solvents [12, 24].

Notably, the same loss in fine structure occurs in mixtures of
water with other solvents, as reported in Figure 4c. The higher
wavelength absorption could derive from a charge transfer band
[20], and its position is less sensitive to solvent polarity. Similar
conclusions can be drawn for L-Ala-NI, whose spectra are
reported in Figure S1 and Table S1. In this case, all spectra show
the occurrence of a single band, centered between 330 and
345 nm. Once again, this band loses its fine structure in water
and, to a lesser extent, in acetonitrile, while max undergoes a bath-
ochromic shift as the solvent polarity increases.

With the same approach, we obtained the fluorescence emission
spectra, reported in Figure 5 for L-Phe-NI and in Figure S2 for
L-Ala-NI.

Observing the spectra reported in Figure 5a shows that in low or
medium-polarity aprotic solvents, the emission spectra are charac-
terized by two bands, centered at 400 and 500 nm, with the only
exception of acetone, in which only the former is present. On the
other hand, as shown in Figure 5b, in protic or highly polar sol-
vents, a single band is present, located at 400 nm in EtOH and
ACN, or 440 nm in water. Emission is practically quenched in
DMSO and DMF, with a weak emission band centered at 500 and
530, respectively. A similar approach was employed to elucidate
the emission properties of L-Ala-NI as a function of the solvent,

obtaining the spectra reported in Figure S2. Once again, the emis-
sion spectra in lower polar solvents, like dichloromethane, chlo-
roform, THF, and dioxane, with the only exception of toluene,
show a single band centered around 400 nm (Figure S2a), with
a fine structure that is lost in higher polar or protic solvents, as
shown in Figure S2b. In this latter case, emission is entirely
quenched in solvents like DMF and DMSO, whereas a significant
emission is displayed in ACN, ethanol and water. Notably, the
emission spectrum keeps its features also when water is mixed
with 10 vol% of organic cosolvents, as shown in Figure S2c.
However, for L-Ala-NI, no obvious correlation could be found
between λmax and the polarity of the solvent, as expressed by
the relative dielectric constant. Based on these considerations,
we hypothesize that also for L-Ala-NI, water and ACN could
be aggregation-supporting solvents. To further investigate the pos-
sible supramolecular aggregation of both fluorophores, we carried
out concentration-dependent UV–vis and fluorescence measure-
ments in a solution of water and ACN.

2.3 | Concentration-Dependent UV–Vis and
Fluorescence Investigation

First, to investigate the possible self-assembly, and to elucidate
the nature of the aggregates formed, we initially carried out
concentration-dependent UV–vis measurements for both
fluorophores in water and acetonitrile. The spectra obtained
for L-Phe-NI are reported in Figure 6, while the ones relevant
to L-Ala-NI are shown in Figure S3.

Examining the spectra reported in Figure 6a,b, clearly shows
that, upon increasing concentration, the most intense adsorption
band changes in shape, losing its fine structure, both in water and
in acetonitrile solution. This is coupled with a significant drop in
molar extinction coefficient on increasing concentration, as
shown in Figure 6c,d. As reported in the literature, these findings
are consistent with the occurrence of supramolecular aggregation
in solution [12, 25].

On the other hand, the longest wavelength band, on increasing
concentration, undergoes a redshift, from 441 to 445 nm.
As reported in the literature, this suggests the formation of
J-aggregates [26].

FIGURE 5 | Superimposed Fluorescence spectra of L-Phe-NI (2.8 ⋅ 10−6 M) in (a) apolar aprotic solvents, (b) polar solvents, and (c) binary aqueous

solvent mixtures.
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Regarding the spectra of L-Ala-NI, as shown in Figure S3a,b, a
loss in fine structure of the adsorption band is once again
observed on increasing concentration, associated with a
small bathochromic shift of 3 nm, with changes in molar
extinction coefficients, reported in Figure S3c,d, which are less
pronounced compared to the ones of L-Phe-NI. Thus, for
L-Ala-NI, it is more difficult to infer a clear-cut assignment of
aggregates to H- or J-type.

To gain insight into the mechanism of aggregation and the sta-
bility of the aggregates, we conducted fluorescence spectra at var-
iable concentrations, for both fluorophores in H2O and ACN,
obtaining the spectra reported in Figure S4. Looking at these
spectra shows that for L-Phe-NI in water, a loss in fine structure
occurs upon increasing the concentration (Figure S4a), while no
obvious change in the shape of the spectra is observed in ACN
solution (Figure S4b). Similar considerations can be made for
L-Ala-NI, whose spectra maintain the same shape on increasing
concentration. In all cases, fluorescence intensity at λmax

increases in a nonlinear way upon increasing concentration,
reaching a plateau value, as reported in Figure S5. All these
observations are consistent with the formation of supramolecular
aggregates in solution. Hence, from these measurements, we
determined the aggregation degree αagg, i.e. the molar fraction

of aggregates present in solution (see Supporting Information
for calculation details).

The plots of αagg as a function of concentration, obtained for
L-Phe-NI, are reported in Figure 7a,b.

Perusal of the plots reported in Figure 7a,b shows that the
trend of αagg as a function of the concentration of L-Phe-NI
is consistent with an isodesmic pathway of aggregation [27].
Consequently, the nonlinear fit of the curve, by means of equa-
tion S1, based on this model [28], allowed us to determine the
equilibrium formation constants, Kagg, reported in Table 1.

The values of Kagg reported in Table 1 clearly show the similar
stability of the aggregates of L-Phe-NI in the two solvents,
although in acetonitrile, αagg reaches the value of 0.5 at a slightly
lower concentration.

In the case of L-Ala-NI, the plots of αagg as a function of concen-
tration were not consistent with an isodesmic pathway
(Figure S6), with a clear threshold concentration after which
αagg steeply increases, suggesting the occurrence of a cooperative
self-assembly pathway. Consequently, we fitted the data obtained
with the simplest cooperative model, called the modified-isodesmic

FIGURE 6 | Concentration-dependent UV–vis spectra of L-Phe-NI (3.0 ⋅ 10−6 M ÷ 1.0 ⋅ 10−4 M) in solution of (a) water, (b) acetonitrile; plots of

molar extinction coefficients as a function of concentration in (c) water and (d) acetonitrile.

Chemistry - Methods, 2026 5 of 15
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model, in which aggregation occurs with a first equilibrium of
dimerization, with constant K2, and the subsequent elongation
steps, all with equilibrium constant Kel [29]. According to this
model, K2<Kel and the ratio σ=K2/Kel is related to the coopera-
tivity degree, with lower values of σ corresponding to higher coop-
erativity. Calculation details are reported in the Supporting
Information. Fitting of the data according to this model, for
L-Ala-NI, reported in Figure 7c,d, shows close agreement, and
the values of Kel and σ are reported in Table 2.

Different from L-Phe-NI, for L-Ala-NI, the results reported in
Table 2 show a clear solvent effect, with aggregation more favor-
able in water compared with acetonitrile. In particular, in water
solution, aggregates are more stable, as evidenced by the higher
Kel value, but also the degree of cooperativity is higher, as pointed
out by the comparison of σ values. This observation can be
explained by hydrophobic effects operating in the aqueous
solution.

To gain thermodynamic information about the aggregation pro-
cess of the fluorophores, we carried out temperature-dependent
UV–vis measurements recording the spectra of solutions of
L-Phe-NI and L-Ala-NI at concentrations representative of
the aggregates, equal to 1.3 · 10−4 and to 8.0 · 10−5 M, respectively.
The relevant spectra are reported in Figure S7.

Looking at the spectra reported in Figure S7 reveals that, for
L-Phe-NI, in both solvents, an increase in temperature induces
a lowering of the absorbance. On the other hand, for L-Ala-NI,
absorbance variations in the temperature range considered were
too small to be significant, indicating that the temperature range
was not sufficiently wide to induce the transition from aggregates
to molecularly dissolved species. Consequently, we could deter-
mine the thermodynamic parameters only for L-Phe-NI. From
these spectra, we determined αagg and plotted it as a function
of the temperature, obtaining the plots reported in Figure S8a,b.
Since, once again, the trend of these plots was consistent with the

FIGURE 7 | Plots of aggregation degree αagg as a function of concentration for L-Phe-NI in solution of (a) water, (b) acetonitrile; plots of αagg as a

function of monomer concentration for L-Ala-NI in (c) water and (d) acetonitrile.

TABLE 1 | Values of Kagg and Cα= 0.5 obtained for L-Phe-NI.

Solvent Kagg, M
−1 Cα= 0.5, M R

Water (6.1 ± 0.9) ⋅ 104 (5.0 ± 0.7) ⋅ 10−6 0.97

Acetonitrile (5.8 ± 0.7) ⋅ 104 (8.0 ± 0.9) ⋅ 10−6 0.97

TABLE 2 | Values of Kel and σ obtained for L-Ala-NI.

Solvent Kel, M
−1 σ R

Water (8.6 ± 0.6) ⋅ 104 0.26 ± 0.02 0.99

Acetonitrile (4.5 ± 0.5) ⋅ 104 0.8 ± 0.1 0.99

6 of 15 Chemistry - Methods, 2026
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occurrence of an isodesmic aggregation pathway, we calculated
the values of Kagg at each temperature [29], which were then sub-
jected to a van’t Hoff treatment, obtaining the plots reported in
Figure S9. Calculation details are reported in Supporting
Information, while the values of entropy and enthalpy variations
associated with the aggregation process are reported in Table 3.

The thermodynamic parameters obtained are consistent with an
enthalpy-driven process of aggregation. In particular, the values
of ΔH and ΔS reveal that the aggregates in water are more orga-
nized and aggregation is more enthalpically favored. This is also
in agreement with the higher value of Tm, i.e. the temperature at
which αagg is equal to 0.5, which is also consistent with the higher
stability for the aggregates in water, also expressed by the values
of Kagg in the two solvents. These observations confirm the
importance of hydrophobic effects in determining the stability
of the aggregates.

2.4 | Morphology of the Aggregates

To investigate the morphology of the supramolecular aggregates
formed by both fluorophores, we collected SEM images of samples
obtained by solutions of L-Ala-NI and L-Phe-NI in acetontitrile
and water, at concentrations at which they are predominantly
present in the aggregated form, equal to 8.0 · 10−5 and
1.3 · 10−4 M for L-Ala-NI and L-Phe-NI, respectively. Since sam-
ples were obtained by slow evaporation of solutions of aggregates,
we are aware of possible drying effects, altering the actual size of
the aggregates as probed by the microscope [30]. Consequently, we
herein use SEM images only to gather qualitative information,
pertaining only to the morphology of the aggregates and not
the size. The SEM images obtained are reported in Figure 8.

Examination of SEM images reported in Figure 8 shows that, in
general, aggregates feature the presence of irregularly shaped
objects, for which it is difficult to extract a definite morphology,
except for L-Ala-NI in water, in which elongated objects are fur-
ther aggregated in flower-like structures.

2.5 | Fluorescence Quantum Yield

To obtain further information on the emissive properties of the
fluorophores, we determined their relative emission quantum
yields, ΦF, in the two aggregation-supporting solvents, water
and acetonitrile. The emission quantum yields, determined by
using 9,10-diphenylanthracene as a standard, are reported in
Table 4 and show remarkably high quantum efficiency for
L-Ala-NI in water, while, once again, the solvent effect is rather
marginal for L-Phe-NI.

2.6 | Chiral Recognition in Solution

As previously mentioned, supramolecular aggregates can also
display chiral recognition ability.

To investigate if the aggregates of L-Phe-NI and L-Ala-NI show
chiral recognition, we probed how the properties of these aggre-
gates change when put in contact with small chiral guest mole-
cules, like those reported in Figure 2. In particular, we studied
the effect of these chiral guests on fluorescence emission and
RLS spectra. To further investigate the effect of the chirality of
the guest molecules, and to ensure that the effects observed
are truly deriving from the chirality of the guest molecules
and not a generic perturbation of the aggregates, we also
employed the enantiomer of L-Ala-NI, i.e. D-Ala-NI. Since
the chiral guest molecules are aromatic alcohols and amines, this
investigation was entirely carried out in acetonitrile, due to the
insufficient solubility of some of them in water.

The first response to the presence of the chiral guests was the
fluorescence emission of the aggregates. To this aim, we prepared
solutions of L-Phe-NI at the same concentrations representative
of the aggregates described previously, adding variable amounts
of chiral guests such as (R)- and (S)-PhEtOH as well as (R)- and
(S)-PhEtNH2. Comparing the effects exerted in the presence of
these two chiral guests allows the dissecting of the effect exerted
by the number of hydrogen bond donor sites on the chiral dis-
crimination ability. Representative spectra are reported in
Figure 9, while the other ones are reported in Figure S10.

The results reported in Figure 9 clearly show that the response of
the fluorescent probe L-Phe-NI is different in the presence of the
single components of both enantiomeric pairs. To better assess
the magnitude of chiral recognition, in Figure 10, we report
the value of the intensity ratios IR/IS, where IR and IS are the
emissions intensities detected in the presence of the R- and
S- enantiomers of each pair.

Examining the results reported in Figure 10 shows a markedly
different response of L-Phe-NI in the presence of the two enan-
tiomeric pairs. More specifically, in the presence of enantiomers
of PhEtOH, we observed a significant difference in emission only
in the presence of 1 eq. of chiral guests. On the other hand, in the
presence of PhEtNH2, as reported in Figure 10b, significant dif-
ferences in emission intensity can be detected already when 0.5
equivalents are present. In addition, the IR/IS ratio flips on
increasing the amounts of chiral guests to 1 equivalent, as it
changes from 0.86 to 1.26. This suggests a stronger interaction
of the L-Phe-NI aggregates with the hydrogen bond donor group
NH2, owing to the higher number of donor sites. Since with
PhEtNH2 the highest difference was found in the presence of
0.5 equivalents, we chose this amount to study the response of
L-Ala-NI on the emission spectra of the aggregates, to the pres-
ence of chiral guests, including PhEtOH, PhEtNH2, as well as
NaphEtOH and NaphEtNH2, obtaining the results reported in
Figure 11.

Differently, to what happens for L-Phe-NI, the emission spectra
of L-Ala-NI are practically unaltered in the presence of enan-
tiomers of PhEtOH, PhEtNH2, and NaphEtOH, while a signifi-
cant distinction occurs in the case of NaphEtNH2, underlining

TABLE 3 | Thermodynamic parameters and Tm values for L-Phe-NI.

Solvent
ΔHagg,
kJ/mol ΔSagg, J K−1 mol−1 Tm, °C

Water −140 ± 8 −370 ± 25 57 ± 0.4

Acetonitrile −83 ± 4 −200 ± 12 41 ± 0.7

Chemistry - Methods, 2026 7 of 15
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that both a higher π-surface area and a higher number of hydro-
gen bonds are required to elicit sensitivity to the chirality of the
guest molecules. This suggests the importance of both hydrogen
bonding and π–π interactions in the chiral recognition ability of
L-Ala-NI. To confirm that the variations observed truly derive
from the chirality of the guest molecules and not from a generic
perturbation of the aggregates, we conducted the same investiga-
tion with the aggregates of D-Ala-NI, obtaining the results
reported in Figure 11 (red bars).

These results show that in the presence of D-Ala-NI, the highest
enantiomeric discrimination occurs in the presence of PhEtNH2

and NaphEtNH2, further confirming the importance of both
extended π-surface area and a higher number of hydrogen bond
donor sites.

To further study the effect of small chiral molecules on the
aggregates, and to ascertain the source of variation in the
emission spectra of the aggregates, we carried out a similar
investigation by RLS measurements. This technique can be use-
ful to investigate supramolecular aggregate systems formed by
chromophore-containing molecules [31]. In particular, the inten-
sity of the scattered light can be correlated to the size of aggre-
gates in solution, with higher intensities indicating the
occurrence of larger aggregates. As a result, RLS has been
employed, for instance, to study a wide range of aggregates,
including porphyrins [32], ionic liquids [33] or gels [34] as well
as supramolecular aggregates of 1,8-naphthalimide derivatives
[13, 35]. Hence, we carried out this investigation to ascertain
whether the variation of the emission spectra of the aggregates,
as a result of the chirality of the guest molecules, derives from
changes in aggregate size. Similarly to the previous approach,
we expressed the results in terms of the ratio IRLS-R/IRLS-S, where

TABLE 4 | Relative fluorescence emission quantum yields for L-Phe-

NI and L-Ala-NI.

Solvent ΦF L-Phe-NI, % ΦF L-Ala-NI, %

Water 3.6 21.0

Acetonitrile 2.2 2.3

FIGURE 8 | SEM images of aggregates obtained from (a) L-Phe-NI in H2O, (b) L-Ala-NI in H2O, (c) L-Phe-NI in ACN, and (d) L-Ala-NI in ACN at

5000× magnification level.
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FIGURE 9 | Fluorescence emission spectra of acetonitrile solutions of L-Phe-NI (1.3 · 10−4 M), in the presence of 0.5 eq. of (a) (R)- and (S)-PhEtOH

and (b) (R)- and (S)-PhEtNH2.

FIGURE 10 | Values of IR/IS from fluorescence spectra of acetonitrile solutions of L-Phe-NI (1.3 · 10−4 M), in the presence of variable amounts of

(a) (R)- and (S)-PhEtOH and (b) (R)- and (S)-PhEtNH2.

FIGURE 11 | Values of IR/IS from fluorescence spectra of acetonitrile solutions of L-Ala-NI or D-Ala-NI (8.0 · 10−5 M), in the presence of 0.5 eq. of

(R)- and (S)-PhEtOH, (R)- and (S)-PhEtNH2, (R)- and (S)-NaphEtOH and (R)- and (S)-NaphEtNH2.

Chemistry - Methods, 2026 9 of 15
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IRLS-R and IRLS-R are the RLS intensities detected in the presence
of the R- and S-enantiomers of the chiral pair, respectively. The
results obtained for L-Phe-NI and L-Ala-NI, in the presence of
0.5 eq. of guest molecules, are reported in Figure 12a,b, while the
relevant RLS spectra are reported in Figures S12, 13.

The results reported in Figure 12a show that, in general, for
L-Phe-NI, the presence of chiral molecules PhEtOH and
PhEtNH2 induces an increase in the size of the aggregates as evi-
denced by the increase of IRLS in both cases. However, the ratios
IRLS-R/IRLS-S, reported in Figure 12a, appear unrelated to the
trend of IR/IS found from the fluorescence spectra, given that
no chiral discrimination occurs in the presence of PhEtNH2.
Similar considerations can be made for L-Ala-NI, as, once again,
addition of chiral molecules results in a slight increase of IRLS
(Figure S14). Notably, as shown in Figure 12b, the IRLS-R/
IRLS-S are in most cases significantly different from unity,
although they follow an articulate trend as a function of the
structure of the enantiomeric pairs. In particular, while for
the fluorescence spectra the most marked enantiomeric discrim-
ination occurred in the presence of NaphEtNH2, for RLS spectra,
the magnitude of the IRLS-R/IRLS-S ratios, although different than
unity, is similar for all the enantiomeric pairs considered. This
suggests that, although interaction with chiral molecules does
affect the size of the aggregates, this phenomenon is not directly
correlated to the changes in emission spectra observed. Finally,
considering the effect exerted on the RLS spectra by the same
enantiomeric pairs on the aggregates of D-Ala-NI, shown in

Figures S14 and 12c, the IRLS-R/IRLS-S ratios flip in values, com-
pared with L-Ala-NI, suggesting a true effect of chirality on the
size of the aggregates, although their magnitude is in any case
close to unity, further supporting the marginal effect of the
changes in aggregates size on the emission spectra.

2.7 | 1H-NMR Investigation

The results so far obtained have evidenced the possibility of chi-
ral discrimination, particularly in the case of L-Ala-NI.
Consequently, to gain information about the interaction mode
between the fluorophores and the chiral guest, we carried out
a 1H-NMR investigation by recording the chemical shift variation
upon interaction of our fluorophores with the chiral guests. In
particular, we chose R- and S-PhEtNH2. The spectra, obtained
in D6-DMSO, in the presence of 0.5 eq. of R- or S-PhEtNH2,
are reported in Figure S15, while the values of chemical shift var-
iations are reported in Table 5.

Perusal of the results reported in Table 5 clearly shows that the
presence of R- or S-PhEtNH2 does not affect the position of the
signal of the aromatic protons of L-Ala-NI. Conversely, the most
significant chemical shift variations involve the aliphatic C–H of
the fluorophore, at 5.58 ppm (proton F in Figure S15), which
moves upfield by 0.25 ppm in the presence of each enantiomer
of PhEtNH2. This suggests the inclusion of this group in the
shielding cone generated by the phenyl ring of the amine. As

FIGURE 12 | Values of IRLS-R/IRLS-S from RLS spectra of acetonitrile solutions of (a) L-Phe-NI (1.3 · 10−4 M) in the presence of 0.5 eq. of (R)- and

(S)-PhEtOH, (R)- and (S)-PhEtNH2 (b) L-Ala-NI (8.0 · 10−5 M) in the presence of 0.5 eq. of (R)- and (S)-PhEtOH, (R)- and (S)-PhEtNH2,

(R)- and (S)-NaphEtOH and (R)- and (S)-NaphEtNH2, and (c) D-Ala-NI (8.0 · 10−5 M) in the presence of 0.5 eq. of (R)- and (S)-PhEtOH, (R)- and

(S)-PhEtNH2 and (R)- and (S)-NaphEtNH2.
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far as the protons of R- or S-PhEtNH2 are concerned, the largest
chemical shift variations involve the aliphatic C–H at 3.96 ppm
and the methyl group in the side chain at 1.24 ppm (protons
4 and 5 in Figure S16), which move downfield by 0.3 ppm. A
smaller but consistent downfield shift can also be observed for
the aromatic protons of R- or S-PhEtNH2, which rules out the
occurrence of face-to-face π-stacking interactions. The whole
of these findings suggest that L-Ala-NI interacts with R- or
S-PhEtNH2 adopting the arrangement depicted in Figure S16,
allowing the establishment of slipped-stacking π–π interactions,
which is similar to what has been reported in the literature for
related substrates [13].

It is however, important to note, as a caveat, that the NMR spec-
trumwas recorded in DMSO, instead of acetonitrile, for solubility
reasons. Therefore, the arrangement proposed in Figure S16
should be considered as a plausible interaction model rather than
a definitive binding mode.

Finally, based on the evidence mentioned above, and in agree-
ment with a previous study on supramolecular aggregates of
functionalized 1,8-naphthalimides [13], we propose a simplified
scheme for the recognition mechanism, reported in Figure 13.

In such a hypothesis, the interaction of the chiral guest molecules
by π–π interactions with the L-Ala-NI or L-Phe-NI determines a
perturbation and a partial disassembly of the aggregates. The

chiral nature of these latter induces a different magnitude of
interaction and extent of disassembly, leading to a different fluo-
rescence response.

2.8 | Incorporation of the Fluorophore Onto Solid
Supports: Filter Paper Strips and PHB Polymer
Film

After having ascertained the possibility of chiral recognition
by L-Ala-NI in solution, we went on to investigate whether this
property is maintained when the fluorophore is incorporated into
solid supports, such as filter paper strips and poly(3-hydroxybuti-
rate) (PHB) films. For the incorporation of L-Ala-NI in filter
paper strips, we soaked three filter square strips (2 cm× 2 cm) into
a solution of L-Ala-NI in chloroform (8.0 · 10−5M). Chloroform
was chosen to facilitate room temperature drying. Subsequently,
after being dried, two of these strips were further soaked in a hex-
ane solution (4.0 · 10−5M) of (R)- or (S)-PheEtNH2. Finally, we
recorded the solid-state spectra of the three strips to evaluate if
the chiral recognition ability of L-Ala-NI is maintained. The
spectra obtained are reported in Figure 14a.

As a blank control, we recorded the fluorescence spectrum of the
pristine paper strip, treated in the same way, but put in contact
only with the neat solvents, observing negligible emission com-
pared with the paper strip in which L-Ala-NI was embedded

TABLE 5 | 1H-NMR chemical shifts and chemical shift variations of L-Ala-NI, PhEtNH2, and mixtures of L-Ala-NI with 1 eq. of (R)- and

(S)-PhEtNH2.

δ PhEtNH2,
ppm

δ L-Ala-NI,
ppm

δ L-Ala-NI+ (R)-PhEtNH2,
ppm

δ L-Ala-NI+ (S)-PhEtNH2,
ppm

Δδ R,
ppm

Δδ S,
ppm

8.51 8.51 8.52 0 0.01

8.39 8.36 8.37 −0.03 −0.02

7.98 7.99 7.98 0.01 —

7.34 7.42 7.43 0.08 0.09

5.58 5.34 5.37 −0.24 −0.21

3.96 4.25 4.26 0.29 0.3

1.55 1.51 1.53 −0.04 −0.02
1.24 1.43 1.45 0.19 0.21

FIGURE 13 | Schematic simplified representation of the possible recognition mechanism by chiral aggregates of L-Ala-NI or L-Phe-NI, with chiral

guest molecules.
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(Figure S17). The spectra reported in Figure 14a show a clear
distinction between the spectra of L-Ala-NI in the presence of
each enantiomer of PhEtNH2; more specifically, the presence
of (R)-PhEtNH2 does not significantly affect the emission inten-
sity of the fluorophore in the paper strip, while, on the other
hand, a marked quenching occurs in the presence of
(S)-PhEtNH2. Based on duplicate experiments, the value of IR /IS
in this case is (5.5± 0.2), which is much higher than the one
obtained in solution, evidencing that incorporation of the fluoro-
phore onto a solid support not only maintains but enhances its
chiral recognition ability.

Encouraged by the results obtained in the filter paper strips, we
employed a similar approach to incorporate the same fluoro-
phore onto PHB polymer films. The film containing L-Ala-NI
was prepared by solvent casting from a solution obtained by dis-
solving PHB in a chloroform solution (8.0 · 10−5 M) of L-Ala-NI.
Following the same approach employed for the filter paper strips,
we then took square sections of these films and immersed
them for 10 min in hexane solutions (4.0 · 10−5 M) of (R)- or
(S)-PheEtNH2. Representative pictures of these films are reported
in Figure S18. After drying, we recorded the emission spectra of
the films, obtaining the results reported in Figure 12b. As a blank
control, no significant emission was displayed by the pristine
polymer film under the conditions used. The spectra reported
in Figure 14b show, once again, that chiral recognition is
maintained. Notably, the emission behavior appears opposite
to that found for the paper strips, given that in this case, it is
the (S)-PhEtNH2 which does not affect the emission of the fluo-
rophore, while (R)-PhEtNH2 induces an emission enhancement.
In this case, the value of IR/IS is (1.4± 0.2), which is lower than
the one detected in the paper strips, but close to the one observed
in solution. The whole of these results highlights the promising
potential of such fluorophores to be employed in solid-state devi-
ces for chiral recognition. The different behavior of the aggre-
gates of L-Ala-NI, as already viewed, can be ascribed to a
different local microenvironment in which the fluorescent probe
is embedded. This sensitivity of the emission of fluorophores has
already been reported in the literature for π-conjugated

molecules, and has been linked to local packing effects or micro-
heterogeneity of the polymer matrix [36, 37].

3 | Conclusions

In this work, we prepared three amino acid-functionalized 1,8-
naphthalimides, namely L-Phe-NI, L-Ala-NI, and D-Ala-NI.
We studied the photophysical properties of the fluorophores,
finding that they assemble into J-type aggregates in acetonitrile
and water solutions. Concentration- and temperature-dependent
UV–vis and fluorescence spectroscopy measurements revealed
that L-Phe-NI self-assembles following an isodesmic pathway,
whereas aggregation of L-Ala-NI occurs via a cooperative mech-
anism. Then, we studied the chiral recognition ability of the flu-
orophores toward the components of enantiomeric pairs of
aromatic alcohols and amines, differing in the π-surface area
extension, namely (R)- and (S)-1-phenylethanol (PhEtOH),
(R)- and (S)-1-phenetylethylamine (PhEtNH2), (R)- and (S)-1-
(2-naphthyl)-ethanol (NaphEtOH) and (R)- and (S)-1-(2-naphthyl)-
ethylamine (NaphEtNH2), by fluorescence measurements. We
found that the best probe in terms of chiral recognition was
L-Ala-NI, while comparison with the enantiomeric probe
D-Ala-NI confirmed that the differences in fluorescence inten-
sity emission derived truly from the chirality of the molecules
and not from a generic perturbation of the aggregates. RLS meas-
urements point out that the chiral guest molecules affected the
size of the aggregates, but exerted a marginal role in the recog-
nition process, while 1H-NMR investigation suggested that the
chiral guest molecules interact with the aggregates of L-Ala-
NI, adopting a slipped-stacked arrangement. Finally, we verified
that the aggregates of L-Ala-NImaintain their chiral recognition
ability also when embedded onto solid supports like PHB poly-
mer films and filter paper strips. In this latter case, the emission
intensity ratio IR/IS was even higher than the one detected in
solution; notably, changing the nature of the solid support
changed the selectivity of the probe toward each enantiomer
of PhEtNH2.

FIGURE 14 | Solid-state Fluorescence emission L-Ala-NI and L-Ala-NI with (R)- and (S)-PhEtNH2, embedded onto (a) filter paper strips and

(b) PHB films.
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4 | Experimental Section

4.1 | Materials

4-chloro-1,8-naphthalic anhydride, L-phenylalanine, D-alanine,
L-alanine, (R)-1-phenylethanol, (S)-1-phenylethanol, (R)-1-phenyl-
ethylamine, (S)-1-phenylethylamine, (R)-1-(2-naphthyl)-ethanol,
(S)-1-(2-naphthyl)-ethanol, (R)-1-(2-naphthyl)-ethylamine, (S)-
1-(2-naphthyl)-ethylamine, poly(3-hydroxybutirate), 9,10-diphe-
nylanthracene, triethylamine and hydrochloric acid (37% w:w),
were obtained from commercial sources and used without fur-
ther purification. Spectroscopic grade toluene, dichloromethane,
dimethylformamide, acetonitrile, ethanol, acetone, chloroform,
and ethyl acetate were purchased and used without further
purification.

4.2 | Synthesis of Fluorophores

The synthesis of fluorophores was carried out by following a pre-
viously reported procedure [22].

4-chloro-1,8-napthalic anhydride (0.5 g, 2.14 · 10−3 mol) was sus-
pended in 20 mL of DMF and added with the stoichiometric
amount of amino acid and 0.1 mL of triethylamine. The resulting
mixture was kept at 90°C under stirring for 12 h. Subsequently,
the reaction mixture was allowed to cool down at room temper-
ature, followed by the addition of 50 mL of HCl 3M, inducing the
precipitation of a yellow-orange solid. The precipitate was fil-
tered off and washed with deionized water.

4.3 | L-Phe-NI

Orange-yellow solid; Yield: 87%; m.p. 201–105°C; 1H-NMR
(300MHz, DMSO-d6) δ: 2.51 (m, 1H), 5.87 (m, 1H), 7.09 (m, 5H),
7.99 (dd, J1= 12.0 Hz, J2= 6.0 Hz, 2H), 8.40 (d, J= 6.0 Hz, 1H),
8.56 (dd, J1= 12.0 Hz, J2= 6.0 Hz, 2H) ppm; 13C-NMR
(300MHz, DMSO-d6) δ: 34.6, 54.5, 121.0, 122.3, 126.8, 128.4,
128.6, 128.9, 129.2, 129.4, 131.1, 131.9, 132.7, 138.2, 138.6,
162.7, 163.0, 171.0 ppm.

4.4 | L-Ala-NI

Pale yellow solid. Yield: 77%; m.p.> 250°C. 1H-NMR
(400MHz, DMSO-d6) δ: 1.55 (d, J= 7.0 Hz, 3H), 5.58 (m, 1H),
7.98 (m, 2H), 8.39 (d, J= 8.0 Hz, 1H), 8.51 (m, 2H), 12.73
(s, 1H) ppm. 13C-NMR (400MHz, DMSO-d6) δ: 14.9, 49.1,
121.5, 122.9, 128.2, 128.7, 128.8, 129.1, 130.8, 131.7, 132.4,
138.3, 162.9, 162.6, 171.7 ppm.

4.5 | D-Ala-NI

Pale yellow solid: Yield: 69%; m.p.> 250°C. 1H-NMR
(400MHz, DMSO-d6) δ: 1.55 (d, J= 7.0 Hz, 3H), 5.56 (m, 1H),
7.98 (m, 2H), 8.39 (d, J= 8.0 Hz, 1H), 8.54 (m, 2H), 12.73
(s, 1H) ppm.

4.6 | UV–Vis and Fluorescence Spectroscopy
Measurements

Samples for UV–vis and fluorescence spectroscopy were prepared
by dilution of stock solutions in chloroform. The suitable volume
of solution was transferred to a vial, and the solvent was evapo-
rated at reduced pressure. Then, the residue was dissolved in
2mL of the appropriate solvent. All the solutions were limpid
after this treatment. UV–vis spectra were recorded at 25°C on
a Beckmann DU800 spectrophotometer equipped with a
Peltier temperature controller, employing quartz cuvettes with
1 cm optical path.

Samples for fluorescence spectroscopy were degassed prior to
measurement. Spectra were recorded with a JASCO spectrofluo-
rometer using quartz cuvettes with 0.2 cm optical path, and λexc
was set at the maximum absorbance wavelength, while excitation
and emission bandwidths were set at 3 nm. Relative fluorescence
quantum yields were determined by a reported procedure [38].
Quantum yields were determined at 25°C, relative to 9,10-diphe-
nylanthracene in ethanol or sodium fluorescein in NaOH 0.1M,
employing the standard quantum yield values reported in the
literature [39]. RLS measurements were carried out using a syn-
chronous scanning mode in which the excitation and emission
monochromators were set at the same wavelength. The RLS spec-
tra were recorded from 290 to 750 nm with both the excitation
and emission slit widths set at 3.0 nm. Samples were prepared
as described above. Measurements were carried out in triplicate.

4.7 | Solid State Fluorescence Spectra

Solid-state fluorescence spectra were recorded from films
obtained by casting 200 μL of water or acetonitrile solution of
the fluorophores, at concentrations representative of the aggre-
gates. The solvent was removed by evaporation at room temper-
ature, obtaining a solid thin film. To ensure a meaningful
comparison between solid- and solution-phase spectra, the exci-
tation spectra were recorded for each sample. Emission spectra
were obtained by exciting the samples at the λmax obtained from
the excitation spectra.

4.8 | Chiral Recognition

Chiral recognition experiments were carried out following a pro-
cedure reported in the literature [5].

Samples for typical measurements were prepared by adding suit-
able amounts of chiral molecules to a solution containing a fixed
concentration of fluorophore, at a concentration of 1.0 · 10−4 M.

Each sample was then heated at 40°C for 2 min, then allowed to
cool at room temperature for 30 min, prior to measurements.
Fluorescence emission spectra were obtained as described above.
Each measurement was carried out in triplicate.

Chiral recognition experiments on paper strips were carried out
by soaking for 10min, three square paper strips (2 cm × 2 cm) in
an 8.0 · 10−5 M chloroform solution of L-Ala-NI. The stripes were
dried at room temperature for 24 h. Subsequently, the emission
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spectra of each strip were obtained by irradiating the sample at
the λmax obtained in the previously recorded excitation spectrum
(348 nm).

Two strips were immersed in 4 · 10−5 M hexane solutions of
(R)- or (S)- 1-phenylethylamine for 10min and left to dry at room
temperature. Finally, the fluorescence emission spectra of these
strips were recorded as described above.

PHB films were prepared by dissolving 0.5 g of PHB in 12mL of
chloroform at 50°C, to which 5mL of a solution of L-Ala-NI
8.0 · 10−5 M in chloroform was added. The resulting solution
was then transferred to a Petri dish and left to dry overnight
at room temperature. Subsequently, square sections of the film,
2 cm × 2 cm, were soaked for 10 min in hexane solutions
(4.0 · 10−5 M) of (R)- and (S)-PhEtNH2 and left to dry at room
temperature. Emission spectra were recorded as previously
described.
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