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ABSTRACT: A naphthalimide-based fluorescent gelator (N1) contain-
ing an alkenyl group has been designed and characterized. This material
is able to gelate alcohols via a precipitate-to-gel transformation when
triggered with ultrasound for less than 2 min (S-gel). The gelation
process in n-propanol was studied by means of absorption, fluorescence,
and IR spectra, scanning electron microscopy (SEM) images, and X-ray
diffraction patterns. The fluorescence intensity of N1 decreased during
the gelation process in a linear relationship with the sonication time.
The S-gel of N1 could be used to sense aliphatic and aromatic amines by
measuring the change in the signal output. For example, the addition of
propylamine to the S-gel of N1 resulted in a dramatic enhancement of
the fluorescence intensity, accompanied by a gel-to-sol transition. On
the contrary, when the S-gel of N1 was treated with aromatic amines
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such as aniline, fluorescence was quenched and there was no gel collapse. The sensing mechanisms were studied by 'H NMR,
small-angle X-ray scattering, SEM and spectroscopic experiments. It is proposed that isomerization of the alkenyl group of N1
from the trans to cis form occurs when the S-gel is treated with propylamine, resulting in a gel—sol transition. However, the
aromatic aniline molecules prefer to insert into the gel networks of N1 via hydrogen-bonding and charge-transfer interactions,

maintaining the gel state. As potential applications, testing strips of N1 were prepared to detect aniline.
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1. INTRODUCTION

Amines and protonated amines are extensively used as
intermediates in dye chemistry and are basic components of
biological molecules. However, an excess of amines in the
environment can be toxic, and many aromatic amines are
considered to be potential carcino§ens by the International
Agency for the Research on Cancer.” The study of sensing and
recognition of amines and protonated amines is therefore of
great significance.””® Several approaches have been developed
to detect amines in the environment, such as chromatography,
enzymatic methods, molecularlgf imprinted polymers, and
molecular sensors in solution.”™*° However, reversible, instant,
and visual detection of amines still remains a major challenge,
and few such applications have been reported.
Low-molar-mass organogels are supramolecular nanomateri-
als that have recently been developed to create sensing systems
responding to important environmental stimuli including
physical stimuli, such as ultrasound and shearing stress, and
chemical stimuli, such as ions, pH, chiral compounds, enzymes,
metal ions, and gases.'*>® The gels can be generated by the
self-assembly of gelator molecules in organic solvents or water
through highly specific noncovalent interactions, such as
hydrogen-bonding, hydrophobic, and electrostatic interactions,
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and n—x stacking. They often display reversible, instant, and
visual changes in response to analytes. However, very few
examples of visual recognition of amines have been realized,
either in solution or, particularly, in the gel state.
Fluorescence detection technology is especially attractive for
visual recognition of analytes because it provides fast, real-time
responses and high sensitivity and requires inexpensive
equipment.*®~* Fluorescent organogels for such applications
have therefore emerged as novel and promising materials.*>~*
We have reported a series of 1,8-naphthalimide derivatives
containing a cholesterol %roug as gelators, which are sensitive
to ultrasound irradiation.>”"* However, the practical applica-
tion of these soft gels is still limited. Inspired by the concept of
visual recognition, herein, we have incorporated a 2-butenedioic
acid derivative into a 4-amino-1,8-naphthalimide-based gel
molecule (N1 in Scheme 1A) to generate a novel fluorescent
gelator that can form a stable gel accelerated by ultrasound (S-
gel), together with in situ fluorescence quenching. Because of
the donor—r-acceptor (D—z-A) structural character of N1 in
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Scheme 1. (A) Chemical Structure of N1 and (B) Illustration of Ultrasound-Accelerated Gelation for Visual and Reversible
Sensing of Amines

Figure 1. SEM images of N1 S-xerogel and the gel treatment with amines: (a) precipitate of N1 in propanol by a typical heating—cooling process;
(b) S-gel of N1 in propanol by sonication for 80 s via a direct precipitate-to-gel transition; (c) collapsing gel upon the addition of propylamine (S
equiv); (d) repaired gel by the addition of HOAc (5 equiv) followed by sonication for 2 min; (e) gel of N1 (20 mg/mL) with aniline (10 equiv), and
(f) a magnified picture of part e. [N1] = 20 mg/mL. Scale bar: (a) 4 ym; (b) 1 um; (c) S pm; (d) 1 um; (e) 10 um; (f) 4 pm.
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Figure 2. (a) Normalized absorption and (b) fluorescent spectra of N1 (10™* M) in solution and the gel state (20 mg/mL, 2.7 X 107> M). (c)
Fluorescent spectral changes of N1 via the sonication time in the process of precipitate-to-gel transformation (20 mg/mL). Inset: change of the
fluorescent intensity of N1 at 543 nm with the sonication time. (d) IR spectra of the precipitate and S-xerogel from n-propanol (KBr pellet).

the 1,8-naphthalimide part, fluorescence should strongly
depend on the internal charge-transfer (ICT) process and the
aggregation state of the fluorophore. Moreover, even though
the trans conformation of the terminal alkenyl carboxylic acid
would not change to a cis one at the usual conditions, the
interaction between —COOH and amine may trigger the trans-
to-cis conformation change of N1, resulting in variations of the
assembly process or phase for visual recognition of amines. As
expected, the gel can be used for visual and reversible
recognition of organic amines, giving different signal outputs
for aliphatic and aromatic amines as a result of alternate binding
mechanisms in the presence of the terminal alkenyl carboxylic
acid (Scheme 1B). The sensing process can also be reversed by
acid and ultrasound without heating. To the best of our
knowledge, this is the first example of a cholesterol-based
assembly displaying visual signal outputs in response to organic
amines with reversibility, which may be relevant for the design
of amine sensors.

2. EXPERIMENTAL SECTION

Materials. All starting materials were obtained from commercial
supplies and used without further purification. Cholesteryl chlor-
oformate (99%) was obtained from Sigma-Aldrich. cis-Butenedioic
anhydride (99%) was provided from Alfa Aesar. Propylamine (98.5%),
4-bromo-1,8-naphthalic anhydride (95%), aminocaproic acid, N-
hydroxybenzotrizole (HOBt, 98%), 1-ethyl-3-[(3-(dimethylamino)-
propyl]carbodiimide hydrochloride) (EDC-HCl, 98%), and other
reagents were supplied from Shanghai Darui Fine Chemical Co. Ltd.

Techniques. Fourier transform infrared spectra were recorded
using an IRPRESTIGE-21 spectrometer (Shimadzu). Scanning
electron microscopy (SEM) images of the xerogels were obtained
using SSX-550 (Shimadzu) and FE-SEM S-4800 (Hitachi) instru-
ments. Samples were prepared by spinning the gels on glass slides and
coating them with gold. NMR spectra were performed on a Bruker
Advance DRX 400 spectrometer operating at 500/400 and 125/100
MHz for 'H and '*C NMR spectroscopy, respectively. High-resolution
mass spectrometry was measured on a Bruker Micro TOF II 10257
instrument. Fluorescence spectra were collected on an Edinburgh
Instruments FLS-920 spectrometer with a xenon lamp as an excitation
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source. Small-angle X-ray scattering (SAXS) experiments were carried
out on a Nanostar U SAXS system (Bruker) at room temperature. The
X-ray diffraction (XRD) pattern was generated using a Bruker AXS D8
instrument (copper target; 4 = 0.1542 nm) with a power of 40 kV and
50 mA. UV—vis absorption and fluorescent spectra were recorded on a
UV—vis 2550 spectroscope (Shimadzu). Sonication treatment of a sol
was performed in a KQ-SO0DB ultrasonic cleaner (maximum power,
100 W, 40 kHz, Kunshan Ultrasound Instrument Co, Ltd., China).

3. RESULTS AND DISCUSSION

The synthesis detail of N1 is given in the Supporting
Information (SI). Gelation experiments with N1 were carried
out in 14 different solvents using a test tube inversion
method.*® The test tube (2 mL) containing N1 and the
solvent was heated to 110 °C until the solid was dissolved, and
then the sample was cooled by putting it into a thermostat
controlled by water (25 °C). In a typical heating—cooling
process, N1 (20 mg/mL) formed unstable gels only in toluene
or benzene, which collapsed after aging for 4 h or by slight
shaking. Surprisingly, the precipitate of N1 in alcohols could
transform to opaque and stable S-gels when sonicated for less
than 2 min (Table S1 in the SI). The gel was tolerant to
common organic solvents such as toluene, tetrahydrofuran, and
acetonitrile. When the solvent was put on the top layer of the
gel, neither the gel phase nor the fluorescence changed (Figure
S1 in the SI). As a typical example, the properties of the N1 gel
in n-propanol were studied in detail.

Microstructural changes during the precipitate-to-gel tran-
sition were examined by SEM images. The precipitate of N1
formed by a classic heating—cooling process in n-propanol
showed a flowerlike structure on the microscale with porosity at
the surface (Figures la and S2 in the SI). After sonication for 1
min, the flower structure was transformed into entangled fibers
on the nanoscale, a typical gel structure (Figure 1b).

Comparison of the absorption and fluorescence spectra of
N1 in solution and S-gel can provide important information on
the self-assembly process of N1. The solution (1.0 X 10~* M)
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Scheme 2. Chemical Structures of the Tested Amines
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Figure 3. (a) Fluorescence titrations of N1 in dilute solution (5 X 107® M) upon the addition of propylamine in propanol. (b) Reciprocal of the
fluorescent intensity of N1 (§ X 107 M) at 525 nm with the addition of propylamine (0—60 equiv). (c) In situ fluorescence change of the gel (20
mg/mL) upon the addition of S equiv of propylamine. (d) Sensing mechanism and partial 'H NMR spectra of N1 (20 mg/mL) with the addition of
propylamine (5 equiv). H6 and H7 were the NH groups of amide and carbamate of N1 in the R part, respectively.

and S-gel (20 mg/mlL, 2.7 X 107> M) of N1 both showed the
same absorption peak at 442 nm, which was assigned to the
ICT transition of the 4-imino-1,8-naphthalimide unit (Figure
2a)."” However, the fluorescence band of the S-gel at 543 nm
was 18 nm red-shifted compared to that of the solution band at
525 nm (Figure 2b), suggesting 7—= interactions of the N1
molecules in the gel system.

Fluorescence control by physical stimuli is attractive because
the response process is often instant, switchable, and remote. In
the sonication-triggered gelation of NI, a regular and
quantitative fluorescence quenching in response to sonication
was observed. Therefore, the change in the fluorescence
intensity was used to track the precipitate-to-gel transformation
of N1 in the macrostate. As seen in Figure 2c, during sonication
for 0—80 s, the fluorescence intensity of the N1 precipitate at
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543 nm quenched gradually by 6-fold, suggesting that the
fluorescent signal output from aggregates of N1 molecules was
very sensitive to ultrasound. The inset in Figure 2c shows a
simple linear relationship of the fluorescence intensity as a
function of the sonication time, with a correlation coefficient of
R* = 0.9976.

We expected to find contributions from intermolecular
interactions, specifically hydrogen bonds, during the gel
formation. However, the precipitate and S-gel had very similar
IR spectra, both showing hydrogen-bonded —NH vibrations at
3332 and 3431 cm™ and C=0 vibrations at 1663 and 1617
cm™" (Figure 2d). A series of peaks between 2700 and 2500
cm™! may suggest formation of a dimer between the carboxylic
acids during the self-assembly process. To further study the
molecular aggregation mechanism, SAXS experiments were
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Figure 4. (a) Fluorescent spectral change of the S-gel of N1 after aniline was captured from water (10~ M). The inset contains photographs of the
S-gel of N1 with the addition of aniline and repaired by the addition of HOAc. (b) 'H NMR spectra of aniline and N1 before and after the addition
of aniline (10 equiv). (c) Photographs of (1) the S-gel of N1 capturing aniline from water (0.1 M), (2 and 3) the initial gel under day light and 365
nm light, staying for (4) 2, (S) 4, and (6—7) 8 days in the solution. (d) Detection array of a N1 test trip toward different concentrations of aniline in

aqueous solution, ranging from 107" to 10™® M under UV light (365 nm).

carried out (Figure S3 in the SI). Both the precipitate and
xerogel of N1 had the same peaks at 3.9 nm in the SAXS
pattern, close to twice the molecular distance, indicating a
dimeric structure. These results indicate that sonication might
not change the molecular aggregation mode during the self-
assembly of N1.

The carboxylic acid group has been explored to construct
two-component gels with amine derivatives through acid—base
interaction.*®™>* In this context, we envisioned that the
—COOH group of N1 could interact with amines, triggering
a change in the fluorescence or phase transition of the gel,
providing a new type of amine-sensing system. To explore
binding events between amines and N1 in the gel state,
different amines were introduced to the surfaces of the gels in
n-propanol (compounds 1—18 in Scheme 2). As expected,
compounds 1—7 (including primary aliphatic amines, secon-
dary aliphatic amines, and pyrrole) all triggered an instant
collapse of the gel. In contrast, the gel state was maintained,
with high fluorescence quenching, upon the addition of
aromatic amines such as aniline (10), o-diaminobenzene
(11), 1-naphthylamine (12), and 4-nitro-o-phenylenediamine
(13), whereas tertiary amines (8, 9, and 15), 4-nitroaniline
(14), and amino acids (16—18) did not induce any obvious
change in the gel state.

As representative examples, propylamine and aniline were
chosen to study the host—guest interaction in solution and in
the gel state. Upon the addition of propylamine (0—60 equiv)
to a propanol solution of N1 (5 X 107° M), the absorbance of
N1 was slightly increased (Figure S4 in the SI) and the
fluorescence intensity at 525 nm increased by 2-fold with the
addition of 60 equiv of propylamine, indicating an enhanced
ICT process (Figures 3a and SS in the SI). Plotting the
fluorescence intensity change of N1 at 525 nm as a function of
1/[propylamine] (1/[I — I,] vs 1/[propylamine]) gave a linear
curve that spanned two log units, characteristic of a 1:1 binding
mode (Figure 3b). The binding constant was determined to be
629 x 10* M™" (see details in the SI, Figure S6), and the
detection limit was 1.30 X 1077 M (Table S2 in the SI). When
the S-gel of N1 was treated with propylamine (gel
concentration, 20 mg/mL; with the addition of 5 equiv of
propylamine), an obvious gel—sol transition occurred. In situ
fluorescence detection showed that the resulting sol displayed a
4 nm red shift from 545 to 549 nm compared with that of the
gel, together with a fluorescence enhancement of 8-fold (Figure
3c), which is much higher than that observed in solution. These
results revealed that the gel exhibited a signal magnification
effect when sensing propylamine. Moreover, the collapse time
of the gel could be controlled, ranging from seconds to
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minutes, by the number of equivalents of propylamine added
(Table S3 in the SI). Moreover, the gel of N1 could even
respond to vapor of amines. When the gel was put into the
environment of propylamine vapor in a closed flask, the gel
collapsed completely after 5 min, indicating an instant response
to propylamine vapor (Figure S7 in the SI). The gel states and
their fluorescent properties could be reversed to the initial state
by the further addition of acid with sonication after sensing
amines because the amine would be protonated in the acidic
condition to destroy the acid—base interaction between N1 and
propylamine (Scheme 1B).

"H NMR titrations were carried out to study the recognition
of propylamine by N1 (Figure 3d). Before the addition of
propylamine, the signal of —OH(1) of the carboxylic acid did
not appear in the '"H NMR spectrum of N1 because of fast
proton exchange between —OH and trace water in dimethyl
sulfoxide (DMSO)-d,. However, after the addition of S equiv of
propylamine, a new signal at 12.41 ppm was observed and
might be ascribed to the active proton in the protonated
propylamine (Figure S8 in the SI). Significant NMR changes of
N1 were observed on the signals for =CH(2) and =CH(3) of
the alkenyl segment, which were shifted upfield from 6.40 and
6.24 ppm to 6.09 and 5.62 ppm, respectively, and the coupling
constant was increased from ] = 12.5 to 13.5 Hz, indicating that
isomerization of N1 from the trans to cis form took place.
Signals from the protons of amides on NH(4) of N1 were
shifted downfield from 7.82 to 8.01 ppm in DMSO-d,
indicating the formation of a hydrogen bond. These results
suggest that N1 first bound to propylamine via interaction
between the —COOH and NH groups to form a protonated
amine, which then interacted with NH(4) and NH(S) through
hydrogen bonds (Figure 3d). The formation of multiple
hydrogen bonds may stabilize the cis isomer of N1. The trans—
cis conformation change of N1 destroyed the 7---7 stacking
between naphthalimide because of the enhanced steric
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hindrance, and the gel state was changed to solution, resulting
in the enhanced fluorescence of N1. The upfield shifting and
broadening of H(7) after the addition of propylamine was due
to the formation of a hydrogen bond between excess
propylamine with the carbamate —C=0O group linked with
NH(7). The mechanism was also confirmed by a comparison of
the SAXS and powder XRD of the N1 assembly before and
after the addition of propylamine (Figure S9 in the SI). N1
after the addition of propylamine showed no peaks in SAXS
and two broadened diffractions between 26 of 15 and 25°,
indicating disordering of the collapsing gel.

The microstate changes after the gel-to-sol transition were
examined by SEM. After the addition of S equiv of
propylamine, the collapsing gel (20 mg/mL) showed a short
and disordered fibrous structure (Figure 1c). Upon the further
addition of propylamine to 10 equiv, nanoparticle blocking was
observed, suggesting the complete destruction of N1 aggregates
(Figure S10 in the SI). The addition of an equivalent amount of
HOAC followed by sonication for a few minutes restored the gel
state with entangled fibers (Figure 1d).

Unlike propylamine, the addition of aniline to the N1 gel
triggered complete fluorescence quenching without phase
changes (Figure 4a). The mechanism for fluorescence
quenching was examined by 'H NMR titration experiments
in DMSO-d,. The addition of aniline (10 equiv) resulted in a
slight downfield shift of the signal for NH(7) (carbamate of
N1) from 9.11 to 9.19 ppm, while the proton signals of the
other NH groups did not show any change (Figure 4b). There
was no signal of active proton observed in the low field (>10
ppm) of NMR spectra of N1 either before or after the addition
of aniline. Signals from the protons on the phenyl ring of
aniline were shifted upfield by about 0.05 ppm, indicating that
the aniline amine was not protonated, which may be due to the
weakly basic nature of aniline (pKj, = 9.2). Proton signals from
the naphthalimide group in the range of 8.7—7.5 ppm also
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showed slight upfield shifts (<0.01 ppm). Unlike what
happened on N1 with the addition of propylamine, the NMR
signals of the alkenyl segment (H2 and H3) showed almost no
chemical shift with the addition of aniline. The NMR data
indicated weaker intermolecular interactions between N1 and
aniline. The hydrogen-bonding and 7—7 interactions between
aniline and naphthalimide may be the main reasons for
fluorescence quenching of N1 in the gel state. The fluorescence
of N1 could also be quenched by aniline in dilute solution but
required 735400 equiv of aniline to quench the fluorescence
intensity of N1 (5 X 107 M) by $6-fold in propanol (Figure
S11 in the SI). An SEM image of N1 gel after the addition of 10
equiv of aniline showed that the fibers were transformed to a
folded sheet structure, suggesting an assembly effect of aniline
with N1 molecules (Figure le/f). Aniline molecules may insert
into the gel networks via hydrogen-bonding and charge-transfer
interactions, thus accelerating fluorescence quenching of N1 in
the gel state. The SAXS pattern of xerogel of N1 + aniline
displayed a peak with a d value of 4.5 nm, which was larger than
that of S-xerogel of N1 (3.9 nm), suggesting that aniline was
inserted into the gel assembly (Figure S9 in the SI). The peaks
in the XRD pattern of N1 + aniline were similar to that of the
S-gel of N1, but the intensity was comparably decreased,
indicating that the orderliness of the N1 assembly was
depressed to some extent.

The sensing properties of the S-gel of N1 made it possible to
detect and capture aniline in aqueous solution. For example,
adding the S-gel to an aqueous aniline solution (0.1 M) and
storing the resulting solution for 8 days quenched the
fluorescence intensity of the S-gel by 100%, indicating the
ability of the N1 gel to absorb aniline from water. The xerogel
of N1 was also used to detect aniline in aqueous solution using
testing strips prepared by putting the gel on a glass slide and
drying in air to remove propanol. The slide was then placed
into aqueous aniline at concentrations ranging from 107! to
107® M for 1 h and then dried in air to remove water. A simple
comparison of the intensity difference enabled semiquantitative
determination of aniline in aqueous solution.

From the results, the assembly and amine recognition
process of N1 can be proposed as follows (Scheme 3). By a
heating—cooling process, N1 precipitates from propanol with
flowerlike morphology, adopting a dimeric structure via
hydrogen-bonding interactions between the carboxylic acid
groups. After sonication, N1 can capture solvent to form a
stable gel with a cross-linked nanofiber structure. The precise
balance of hydrogen-bonding and hydrophobic interactions and
m—r stacking is the main factor in the gelation process. The
addition of an aliphatic amine, such as propylamine, destroys
the initial hydrogen bonding of the N1 dimer, resulting in
isomerization of N1 from trans to cis via a hydrogen-bonding
site competition effect, accompanied by a gel-to-sol transition.
The fluorescence of N1 is significantly increased in the sensing
process, enabling visual recognition. In contrast, an aromatic
amine such as aniline inserts into the gel network by a
coassembly eftect with fluorescence quenching due to 7—m and
charge-transfer interactions between the aromatic amine and
naphthalimide groups of NI1. However, in those aromatic
amines, pyrrole (7) is an exception. Even though the alkalinity
of pyrrole is even weaker than that of aniline, it can collapse the
gel of N1 without a trans-to-cis transformation, as confirmed by
"H NMR spectra (Figure S12 in the SI). The reason is not
clear. After sensing amines in both cases, the gels and their
fluorescence properties can be reversed to the initial state by

the addition of acid with sonication, making the recognition
events reversible.

4. CONCLUSION

In summary, this work reports an in situ and instant precipitate-
to-gel formation triggered by ultrasound in a naphthalimide-
based fluorescent gel at room temperature. The response of the
N1 assembly to ultrasound in propanol was accompanied by
regular fluorescence quenching, which represents a new
paradigm for fluorescence control by physical stimuli such as
ultrasound.**~>* The gel exhibited outstanding sensing proper-
ties for organic amines, giving opposing signal outputs in
response to propylamine and aniline. To the best of our
knowledge, this is the first report of the modification of ICT
processes in a naphthalimide-based compound by organic
amines in the gel state, providing a new strategy for the
construction of amine sensors. It is suggested that hydrogen-
bonding site competition between host—host (N1) and host—
guest (amine) interactions, as well as conformational changes of
the host molecules, are responsible for the recognition events.
This finding clearly offers a new method for visual detection of
organic amines in either a gel system or aqueous solution.
Therefore, we believe that the present work will expand the real
application of organogels in the fields of visual sensing and
pollutant removal.
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