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The fluorescence turn-off mechanism of a
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A deep understanding of fluorescence turn-off or turn-on mechanisms is fundamental in designing highly
effective sensor molecules. However, these mechanisms are subtle as multiple factors may affect the
fluorescence signals. Herein, for the first time, we systematically investigated the turn-off fluorescence
mechanism upon adding A cation to a norbornene-derived homopolymer (PNDMIP-DASA). The
corresponding monomer (NDMIP-DASA) showed fluorescence enhancement upon the addition of A"
ions to THF/DIW solution, while fluorescence turn-off is observed for PNDMIP-DASA. Both NDMIP-DASA
and PNDMIP-DASA showed A" detection ability with a low detection limit of 27.60 nM and 2.94 nM,
respectively, even in the presence of metal ions. Time-dependent density functional theory (TD-DFT)
calculations showed that the PNDMIP-DASA sensor exhibits a large displacement of the potential energy
curve between the ground state and the excited state, resulting in an emission shift from the UV-vis to NIR
regions. In addition, the oscillator strength of the S; to Sp transition is close to zero. These results explained
the fluorescence sensing mechanism of the turn-off phenomenon. The excellent agreement between
calculations and experimental observations also suggests that computational chemistry is a powerful tool to
aid the molecular design and engineering of fluorescent compounds.

1. Introduction

Aluminum, the third most abundant element and the most
abundant metallic element in the earth’s crust, has been exploited
in various fields, such as food additives, beverage packaging,
cooking utensils, paper industry, textile industry, and medicines.
It is also present in ambient, occupational, airborne particulates
and drinking water (due to its use in municipal water treatment).
The aluminum-free metal cation AI*" is highly reactive and the
excess accumulation of AI>* damages the central nervous system
in humans.! Aluminum toxicity can cause Alzheimer’s disease,
Parkinson’s disease, breast cancer, bone softening, impaired
lung function, fibrosis, chronic renal failure, etc."” Therefore,
the development of chemosensors for AI*" is very important in
controlling its concentration both in environmental and in
biological systems. The detection of AI’* is quite difficult due
to its poor coordination and strong hydration compared to
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other transition metals (Cu>*, Pb>*, Hg*", Zn*', etc.).>” The
fluorescence method is the most attractive and highly sensitive
method for detecting low concentrations of ions and neutral
analysts.® % In recent years, significant progress has been made
in detecting AI** using a fluorescent chemosensor.'' ¢ Because
of the individual photophysical properties and the strong binding
abilities to AI** ions, Schiff base derivatives have been widely
investigated as fluorescent chemosensors for AI** detection.'” 2
Most of the Schiff base-derived fluorescent chemosensors are
small molecules. However, compared to the “turn-on” type, the
“turn-off” type fluorescent sensors for AI*" detection were rarely
reported in the literature, which usually have a lower detection
limit. Recently, polymer-based fluorescent chemosensors have
attracted a wide range of interest due to their simplicity, signal
amplification, a combination of different outputs, and ease of
fabrication into devices.'®**! Therefore, the combination of
Schiff base derivatives and polymers can be an efficient pathway
to develop fluorescent chemosensors for the selective detection of
AP**, To prepare polymer-based sensors for Al**, a norbornene-
derived homopolymer was synthesized from a norbornene mono-
mer (NDMIP-DASA) (Scheme 1). NDMIP-DASA was designed with
two main moieties, norbornene and Schiff base moieties, which
provide an ideal framework for a specific coordinate to AI** due
to its ability to contribute a coordinate environment of —CONH,

Mater. Adv., 2021, 2, 4685-4693 | 4685


http://orcid.org/0000-0002-1841-0310
http://orcid.org/0000-0002-2426-5543
http://orcid.org/0000-0001-5779-4620
http://orcid.org/0000-0001-7316-272X
http://orcid.org/0000-0002-4225-5250
http://orcid.org/0000-0001-8534-7158
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma00254f&domain=pdf&date_stamp=2021-06-12
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00254f
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA002014

Open Access Article. Published on 14 May 2021. Downloaded on 3/20/2026 2:06:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A58,

DCC/DMAP,
_DCM:MeOH

oyé\%o C@
0 NS

NDMIP §

o
LR TSSO Y
Y@\f 2.Zn(CIOg),, EtOH

O. (o}

HN NH
_N Ng
OH OH

Rplbr  Sulo#
NDMIP-DASA

Grubb's catalyst

second generation
Grubb's catalyst
second generation

1. NH,NH,, EtOH
—_—
2.Zn(ClO,),, EtOH n
0
o

" &

SN NN

PNDMIP

PNDMIP-DASA

Scheme 1 Synthetic routes of NDMIP-DASA and PNDMIP-DASA.

—C=N, and —OH groups.® High selectivity for AI** over other
metal ions was observed for both the NDMIP-DASA monomer
and the PNDMIP-DASA homopolymer. Interestingly, we had
found that the monomeric sensor showed turn-on fluorescence
after adding an AI’* cation and its homopolymer responded
with turn-off fluorescence to the presence of AlI** in the micro-
environment. The limit of detection achieved for PNDMIP-DASA
is 2.94 nM which is ten times lower than that of monomer
NDMIP-DASA (27.60 nM). A deep understanding of the fluores-
cence turn-off or turn-on mechanism is very important to under-
stand the difference between monomers and polymers. This issue is
of fundamental significance for the design of optimized metal ion
detection sensors. Herein, we systematically investigated the fluores-
cence turn-off mechanism after adding an AI’* cation into the
polymer sensor. To the best of our knowledge, the fluorescence
turn-off for the AI*" sensor was explored a little. For a detailed
understanding of the sensing mechanism, NMR titration and time-
dependent density functional theory (TD-DFT) calculations were
carried out which revealed the fluorescence turn-off or fluorescence
enhancement mechanism of the sensors in the presence of AI**.

2. Material and methods
2.1 Materials

Exo-5-norbornenecarboxylic acid (Nor-COOH) (97%), N,N'-dicyclo-
hexylcarbodiimide (DCC), 4-(dimethylamino)pyridine (DMAP),
zinc perchlorate hexahydrate (Zn(ClO,),-6H,0), hydrazine mono-
hydrate (NH,NH,-H,O, 64%), aluminum nitrate nonahydrate
(Al(NO3);-9H,0), DMSO-d¢, and CDCl; were purchased from
Sigma-Aldrich. Ethyl vinyl ether, tetrahydrofuran (THF), dichloro-
methane (DCM), diethyl ether, and methanol were purchased
from Acros Organic. Dimethyl 5-hydroxyisophthalate (DMIP) and
4-(diethylamino)salicylaldehyde (DASA) were purchased from
Fluorochem. Grubbs catalyst, 2nd Generation (98%), was purchased
from AK Scientific, Inc. All other chemicals were of analytical grade
and used without further purification.
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2.2 Synthesis of NDMIP

Exo-5-norbornenecarboxylic acid (142 mg, 1.0 mmol), dimethyl
5-hydroxyisophthalate (231 mg, 1.1 mmol), DCC (227 mg,
1.1 mmol) and DMAP (12 mg, 0.1 mmol) were dissolved in
10 mL of DCM:MeOH (9:1). After stirring for 24 h at room
temperature under nitrogen, the white precipitate was filtered
out. The reaction mixture was extracted with 0.1 N HCI. The
combined organic layers were washed with brine solution and
dried over anhydrous Na,SO,. The solvent was removed to yield
NDMIP (yield 92%) as a white solid. "H NMR (600 MHz, CDCl,)
(Fig. S1, ESL¥ 0): 8.25 (d, 1H), 7.75 (d, 2H), 6.13 (m, 2H), 3.94
(s, 3H), 3.12 (s, 1H), 2.95 (s, 1H), 2.27 (m, 1H), 1.95 (m, 1H), 1.12
(t, 3H) 0.84 (m, 1H). FT-IR (KBr, cm ) (Fig. S2, ESI%): 3361,
3012, 2964, 2929, 2850, 1793, 1727, 1705, 1620, 1601, 1431,
1359, 1301, 1267, 1009, 756, 445.

2.3 Synthesis of PNDMIP

NDMIP (100 mg, 0.26 mmol) and second-generation Grubbs
catalyst (2.1-4.3 mg) were dissolved in dry DCM (5 mL) under
nitrogen. The reaction mixture was stirred for 24 h and stopped by
the addition of 10 mL ethyl vinyl ether. The resulting polymer was
isolated by precipitating in cold ether and dried under vacuum.
'H NMR (600 MHz, DMSO-d) (Fig. S3, ESL 6): 8.25 (d, 2H), 7.75
(d, 2H), 6.62 (d, 1H), 5.75 (s, 1H), 2.96 (s, 1H), 2.34 (m, 1H), 1.97
(m, 1H), 0.85 (m, 1H). 1.24 (m, 1H), 1.12 (t, 3H) 0.84 (m, 1H). FT-IR
(KBr, em ™) (Fig. S4, ESI+): 3361, 3012, 2964, 2929, 2850, 1793, 1727,
1704, 1620, 1600, 1500, 1431, 1359, 1301, 1267, 1184, 1008, 756, 445.

2.4 Synthesis of NDMIP-DASA and PNDMIP-DASA

NDMIP or PNDMIP (0.5 mmol) was dissolved in 10 mL of
ethanol. Hydrazine (NH,NH,, 64%, 3 mmol) was added dropwise
into the mixture and refluxed for 24 h. 213 mg of 4-(diethylamino)-
salicylaldehyde (DASA, 1.1 mmol) in 10 mL ethanol along with
2-3 mg of zinc perchlorate were added to the reaction mixture. The
color of the solution changed immediately to yellow. The precipi-
tates separated out within 20 min and were filtered, washed with
methanol and dried under vacuum to obtain yellow solid with 85%
yield. The molecular weight of the homopolymer PNDMIP-DASA
was measured by gel permeation chromatography (GPC) using
PMMA standards. NDMIP-DASA: '"H NMR (600 MHz, CDCl;)
(Fig. S5, ESLt 0): 11.80 (s, 1H), 8.45 (d, 2H), 8.09 (d, 1H), 7.10
(d, 2H), 6.26 (m, 2H), 1.55 (m, 1H), 1.20 (t, 3H), 0.84 (m, 1H);
FT-IR (KBr, cm ) (Fig. S2, EST+): 2972, 2929, 2873, 2362, 1631,
1594, 1558, 1515, 1454, 1411, 1375, 1351, 1230, 1191, 1132, 1080,
966, 823, 788, 709, 650. PNDMIP-DASA: 'H NMR (600 MHz,
DMSO-d,) (Fig. 1a, 6): 11.48 (s, 1H), 11.24 (s, 1H), 8.60 (d, 1H),
7.43 (d, 1H), 6.36 (d, 1H), 6.12 (d, 1H), 6.04 (d, 1H), 5.75 (s, 1H),
2.62 (m, 1H), 1.10 (t, 3H), 0.84 (m, 1H); FT-IR (KBr, cm %)
(Fig. S6, ESIT): 2972, 2929, 2897, 2362, 1631, 1594, 1558, 1514,
1483, 1454, 1411, 1375, 1352, 1299, 1284, 1247, 1230, 1191, 1132,
1095, 1014, 966, 833, 789, 761 709, 650, 621.

2.5 Complexation of PNDMIP-DASA-AI®*

10 mL solution of Al(NO3);-9H,0 (7.5 mg, 0.04 mmol) in distilled
water was added dropwise into a stirring 5 mL suspension of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 'H NMR analysis of PNDMIP-DASA (a); GPC chromatogram of
PNDMIP-DASA, M, = 56 kDa; PDI = 1.13 (b).

PNDMIP-DASA (50 mg, 0.02 mmol) over 30 min. The mixture was
then stirred for another half an hour. The reaction mixture was
concentrated and precipitated out in an ice bath. Dark brown
precipitates were collected and dried under vacuum. 'H NMR
(600 MHz, DMSO-dg, d): 8.60 (d, 1H), 7.43 (d, 1H), 6.36 (d, 1H),
6.12 (d, 1H), 6.04 (d, 1H), 5.75 (s, 1H), 2.62 (m, 1H), 1.10 (t, 3H),
0.84 (m, 1H); FT-IR (KBr, cm '): 2972, 2929, 2897, 2362, 1631,
1594, 1558, 1514, 1483, 1454, 1411, 1375, 1352, 1312, 1299, 1284,
1247, 1230, 1191, 1132, 1095, 1014, 966, 823, 779, 761 709, 650.

2.6 Characterization

Nuclear magnetic resonance (NMR). '"H NMR spectroscopy
was carried out on a Bruker 600 MHz spectrometer using CDCl; and
DMSO-dg as solvents. The "H NMR spectra of the solutions were
calibrated to tetramethylsilane as an internal standard (g 0.00).

Gel permeation chromatography (GPC). Molecular weights
and PDIs were measured by Waters gel permeation chromato-
graphy in THF relative to polystyrene standards on systems
equipped with a Waters Model 1515 HPLC pump and Waters
Model 2414 refractive index detector at 40 °C with a flow rate of
1 mL min~'.

Fourier transform infrared (FT-IR). FT-IR spectra were obtained
using an FT-IR Shimadzu Tracer-100 spectrometer at a nominal
resolution of 4 cm™ ™.

Ultraviolet (UV) spectroscopy. UV-vis absorption measure-
ments were carried out on a Jasco V-730 UV-vis spectrometer,
with a scan rate of 100 nm min ™.

Fluorescence spectroscopy. Fluorescence emission spectra
were recorded on a fluorescence spectrometer (Jasco spectro-

fluorometer FP-8350).

2.7 Computational details

All the calculations in this study were carried out using the
Gaussian 09 package.*” The geometries of sensor M, sensor D,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and their complexes were optimized using the density functional
B3LYP in all calculations.®® The polarized split-valence triple-{
6-31G(d) basis set was employed for all the atoms.** For all
optimized structures, frequency calculations were carried out to
ensure the optimized geometries represent the local minima in the
absence of imaginary frequencies. To choose a more reliable DFT
functional for calculating the theoretical UV-vis spectra, we per-
formed benchmark calculations for the monomer NDMIP-DASA
sensor, which considered different DFT functionals such as
B3LYP, CAM-B3LYP, M062X, ®B97XD, and PBEO in the THF
solvent.”*?>7*® The conductor-like polarizable continuum model
(CPCM) was used to calculate the solvent effects.*® The calculated
adsorption energies along with the experimental valuate are given
in Table S1 (ESIT). The benchmark results show that the B3LYP
method provides better performance in predicting the adsorption
maximum than the other functionals. Hence, we have used the
TD-DFT calculations by the B3LYP functional to simulate the
excitations of the corresponding sensors and emission spectra
according to the optimized structures in the S; excited state.

3. Results and discussion
3.1 Synthesis and characterization

To obtain our desired probe with fluorescence activity, NDMIP
was first prepared by the coupling reaction between exo-5-nor-
bornenecarboxylic acid and dimethyl 5-hydroxyisophthalate
(DMIP) using N,N’-dicyclohexylcarbodiimide (DCC) and 4-(dimethyl-
amino)pyridine (DMAP) (Scheme 1). The formation of NDMIP was
confirmed by "H NMR and FTIR spectroscopy. From the 'H NMR,
the signals at ¢ 6.13 ppm (m, 2H) corresponded to the norbornene
olefinic protons, while the signals at ¢ 3.94 ppm and J 7.75-8.25
ppm were due to the methyl group and the aromatic ring of DMIP,
respectively (Fig. S1, ESIT). The FTIR spectra of NDMIP (Fig. S2,
ESIt) showed a very strong absorption band at 1728, 1705 cm ™
which corresponded to the stretching vibration of C—0, 1620 cm™
(C=C), and 1601 cm ™" (C-C of the aromatic ring); this indicated
the formation of NDMIP. The NDMIP-DASA monomer was synthe-
sized by a Schiff base condensation reaction (Scheme 1) and
characterized by "H NMR and FTIR spectroscopic techniques
(Fig. S2 and S5, ESIt). The homopolymerization of NDMIP-DASA
was carried out using second-generation Grubbs catalyst via
ring-opening metathesis polymerization (ROMP).

In the course of our study on the ROMP of the NDMIP-DASA
monomer, we found that with non-protected amino groups, the
homopolymer was unsuccessful with the second-generation
Grubbs catalyst due to the incompatibility of amines with
ruthenium.*® Therefore, the post-polymerization of NDMIP by
second-generation Grubbs catalyst (with different ratios) was
performed to obtain PNDMIP at room temperature in the DCM
solvent. The new signals were observed at ¢ 5.29-5.35 ppm (CH
protons of the polymer peak) and norbornene olefinic protons
disappeared at ¢ 6.13 ppm, indicating the formation of the
product (Fig. S3, ESIT).

The PNDMIP-DASA homopolymer was synthesized by a Schiff
base condensation reaction with PNDMIP hydrazine and DASA in

1
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the presence of Zn(ClO,), to obtain our final macromolecular probe.
The fruitful post-polymerization reaction of PNDMIP-DASA was
confirmed by the "H NMR analysis, where characteristic peaks at
0 11.48 ppm (NH), 11.24 ppm (OH), 6.04-8.60 ppm (CH protons of
the aromatic ring), and 5.29-5.35 ppm (CH protons of the polymer
peak) were generated (Fig. 1a), which indicated the formation of
PNDMIP-DASA. The molecular weight of the homopolymer
PNDMIP-DASA was measured by gel permeation chromatography
(GPC) in THF relative to polystyrene standards. The PNDMIP-DASA
homopolymers with different molecular weights were synthesized
for the comparison of sensing towards AI**. The observed molecular
weights (M,,) and polydispersity index (PDI) are summarized in
Table S2 (ESIt) with M,, ~ 24000, 39000, and 56 000, and a very
narrow PDI. The molecular weight distribution is monomodal and
narrow (M,/M,, = 1.13), indicating that the polymerization was well
controlled (Fig. 1b).

3.2 Colorimetric and fluorogenic spectral responses

Next, to understand the photophysical properties of NDMIP-DASA
and PNDMIP-DASA in THF/DIW 2 : 8 solutions, UV-vis absorption
and fluorescence spectroscopies were performed. The UV-vis
absorption spectrum of the NDMIP-DASA monomer exhibited an
absorption band centered at 422 nm in THF/DIW solution, as
shown in Fig. 2a. Upon the addition of AI**, the formation of a new
band was observed at Anax Of 511 nm and increased gradually. In
addition, the absorbance at 422 nm decreased concomitantly with
the appearance of isosbestic points at 453 nm. A color change was
observed from bright yellow to orange (inset, Fig. 2a and b) which
corroborated the shifts of these absorption bands. Similar beha-
vior was observed for the PNDMIP-DASA homopolymers (Fig. 2b).
The NDMIP-DASA and PNDMIP-DASA were further investigated
for their fluorogenic properties in THF/DIW solution with the
excitation wavelength at 422 nm (Fig. 2¢ and d). In the case of
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Fig. 2 Changes of UV-vis (a and b) and fluorescence spectra (c and d) of
NDMIP-DASA and PNDMIP-DASA (6.5 ppm, THF/DIW 2 : 8 solution) upon
graduation of A®*, respectively.
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Fig. 3 Colorimetric titration (a and b) and fluorescence titration (c and d)
of NDMIP-DASA and PNDMIP-DASA (6.5 ppm, THF/DIW 2:8 solution)
against A, respectively.

NDMIP-DASA, a strong fluorescence at Ae, of 486 nm was
observed. The NDMIP-DASA exhibited fluorescence enhancement
upon the addition of AI** centered at 553 nm. Upon the addition of
AI**, the intensity at 486 nm decreased gradually with the appear-
ance of a new peak at A,ax 553 nm (Fig. 2¢). On the other hand, the
PNDMIP-DASA exhibited a strong fluorescence at A, 475 and
510 nm (Fig. 2d). More interestingly, upon the addition of AI**,
the fluorescence intensity was decreased upon the gradual
addition of AI*", and there is no new emission at Apay 553 nm.
The PNDMIP-DASA with different molecular weights exhibited a
similar turn-off fluorescence trend upon the addition of AI** ions
(Fig. S7, ESIY).

The absorption intensity ratio (Asiinm/Aazznm) and the fluores-
cence intensity plot are shown in Fig. 3. The linear relationships
indicated the detection of AI*" quantitatively by ratiometric absorp-
tion and fluorescence methods. Furthermore, the limit of detection
(LOD) was calculated from the ratiometric absorption and fluores-
cence methods as shown in Fig. 3 and Table S3 (ESIt).

3.3 Computational studies

To understand the fluorescence sensing mechanism of the
monomer NDMIP-DASA and polymer PNDMIP-DASA sensors
toward AI** ions, we first considered the monomer NDMIP-
DASA (M) structure with the corresponding aluminum-
coordinated complex M-AP*, as shown in Fig. 4, which illu-
strated the complex formed by two coordinated bonds between
NDMIP-DASA and A" ions. The selected geometrical parameters
of the optimized sensors and the stable complexes are summar-
ized in Tables S4 and S5 of the ESI.+ We used the dihedral angles
of D,-D,, as shown in Fig. 5, to illustrate the conjugation
between the central benzene with side trains. The dihedral angle
value is close to 0° or 180°, indicating better conjugation. M’s
optimized structure showed a distorted configuration with a
nonplanar dihedral angle, D;, of C;-C,-C3-N, (Fig. 4a). After the
complexation with AI** cation, sensor M coordinated with AI**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The optimized structures of NDMIP-DASA (M) and PNDMIP-DASA (D) with and without A** cation.
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D,: Dihedral angle of C,, Cs, Cg, and N,

Fig. 5 lllustration of monomer M (a), M—=AL** (b), dimer D (c), and D—AL* (d).
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Fig. 6 DFT-computed (a and b) UV-vis and (c and d) emission spectra of
sensors M and D with and without the complexation of Al>* cation.

through the nitrogen and oxygen atoms of the Schiff base moiety
and the oxygen atom of the OH-group from the solvent (Fig. 4b).

Furthermore, we investigated the polymer PNDMIP-DASA
sensor and its interaction with AI*" cation. Then, we considered
two units of the polymer PNDMIP-DASA as a dimer sensor
model, denoted as D. As compared to the structure of sensor M,
sensor D shows a larger distorted configuration with a dihedral
angle of 46.84° (Table S5, ESIT). After complexation, the optimized
sensor D showed six coordination numbers of four oxygen and two
nitrogen atoms with AI** cation. The complex D-AP** formed better
conjugation with a dihedral angle, D;, of 6.99°. We used the time-
dependent density functional theory (TD-DFT) calculations to
investigate the fluorescence turn-off mechanism by adding AI**
cation to the polymer sensor. We recorded the UV-vis absorption
spectra and emission spectra for both sensor M and sensor D in
the absence and presence of the interaction with AI*" cation, as
shown in Fig. 6. The corresponding excitation energies and
molecular orbital (MO) compositions of vertical transitions for
these complexes are summarized in Table 1. As shown in Fig. 6a
and b, without the interaction with AI** cation, the simulated
absorption spectra corresponding to sensors M and D showed a
strong absorption band in the visible region. The maximum
absorption wavelength (Ay.) of sensors M and D were 408 and
396 nm, respectively. After complexation, the /., values of sensors
M and D became 420 and 434 nm, red-shifted by 12 and 38 nm,

Table 1 Calculated absorption energy (4 in nm), oscillator strength (f in
a.u.), and the corresponding MO transition of sensor M, sensor D and the
complexes M—AL* and D-AL®*

Transition A (nm) f Composition CI (%)
M So — S; 408 0.545 HOMO — LUMO 73.2
HOMO-1 — LUMO  24.0
M-AP™* S; —» S, 420 1.384 HOMO — LUMO 91.8
HOMO-1 — LUMO+1 5.5
D So — S3 396 1.285 HOMO-1 — LUMO+1 65.5
HOMO-2 — LUMO  14.6
HOMO — LUMO+1 6.1
D-AP*™* S, —» S; 434 0.715 HOMO-3 — LUMO 83.8
HOMO — LUMO+1 11.1
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respectively. Furthermore, Fig. 6¢c and d show the simulated
emission spectra of sensors M and D with and without the
interaction with AI** cation. For the case of sensor M, as shown
in Fig. 6¢, sensor M and its complex M-AP** possessed emission at
476 and 481 nm, respectively. The emission wavelengths of sensor
M and M-AP* were shorter than their absorption wavelengths,
indicating that the potential energy curve of the excited state was
shifted compared with the ground state. Fig. 6d shows that the
emission band of sensor D appears at 509 nm, while the emission
band of composite D-AP* was at 1118 nm. The calculation results
explain that the experiment did not observe the fluorescence of
composite D-AI** because its emission band was not in the visible
region but the near-infrared (NIR) region. To further study the
sensing mechanism of sensors M and D for AI*" cation, the
TD-DFT calculations were used to compare the geometric differences
between the ground state (S,) and the excited state (S;) of sensors M
and D, and the frontier molecular orbital (FMO) contribution of
sensors M and D. All the main structural parameters are listed in
Tables $4 and S5 (ESIT). We can see from Table S4 (ESIt) that the
dihedral angle of D; for sensor M is 29.21°. Photoirradiation
changed the non-planar structure in the S, state to a nearly planar
structure (11.71°) in the S; state. In the case of complex M-AP", the
change of the dihedral angle is similar to that of sensor M. In
addition, Table S4 (ESIt) demonstrates that the Al-O and Al-N bond
distances of complex M-AP* were similar in the S, and S, states.
In addition, we calculated the frontier molecular orbital
(FMO) contribution of sensor M and M-AI** in the excited state
(S1) to understand the red-shift phenomenon in the emission
spectra (Fig. 6¢) upon the complexation of A’ cation. The
frontier molecular orbitals corresponding to the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of sensors M and D as well as their complexes
with AI’* cation are illustrated in Fig. 7. In the S, state of sensor
M, the LUMO — HOMO transition mainly dominates the S; — Sy
transition at the 476 nm emission, which was contributed by
charge transfer from the central phenyl group to the Schiff base
moiety as shown in Fig. 7. The energy difference between the
HOMO and the LUMO of sensor M was 2.60 eV, as shown in
Table 2. In the case of complex M-AP**, the HOMO and LUMO
energy gap slightly decreased to 2.57 eV due to the complex
formation with a charge transfer from the phenyl group toward
the aforementioned metal-binding site and the imine bond. As
compared to the obtained UV-vis spectra, it can be seen that both
sensor M and M-AI** showed a small shift to a longer wavelength
between the absorption and the fluorescence spectra. The result
indicated that a small Stokes shift occurred because of the
geometry distortion from the non-planar structure in the S, state
to a nearly planar structure in the S; state (Table S4, ESIY).
Meanwhile, we did a similar calculation of the case of sensor D
in the S, state. We can see from Table S5 that the structural
transformation was small, and sensor D maintained a non-planar
structure in the S, state. However, the structural transformation
of complex D-AP* in the S, state was significant. The structural
transformation of complex D-AI’* was attributed to the changes
of the dihedral angles and the Al-O bond distances between the
So and S; states, as shown in Table S5 (ESIT). The large structural

© 2021 The Author(s). Published by the Royal Society of Chemistry
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transformation would lead to a large displacement of the potential
energy curve in the excited state with respect to the ground state,
resulting in a large Stokes shift between the absorption and the
emission spectra. Fig. 7 shows that the LUMO — HOMO transi-
tion of sensor D was similar to that of sensor M due to the charge
transfer from the central phenyl group to the Schiff base moiety
with an emission of 509 nm. However, after the complexation with
AP cation, the contributions of the LUMO and HOMO were from
different atoms, causing the emission of S; — S, to have a tiny
oscillator strength of 0.0004. In addition, the energy gap between
the HOMO and the LUMO significantly decreased after complex
formation, making the emission shift to the NIR region at
1118 nm. The NIR emission and the small oscillator strength
influenced the fluorescence behavior of complex D-AP*, which
made it difficult to be observed.

A significant benchmark that an outstanding sensor should
reach is high selectivity with excellent sensitivity. However, in
this report, we mainly focused on understanding the turn-off
fluorescence mechanism towards AI** ions. The reason behind
the fluorescence sensing selectivity of PNDMIP-DASA toward
AP** in the presence of other metal ions would be our future
report. In the next stage, a Job’s plot experiment was conducted

Table 2 Calculated emission energy (4 in nm), oscillator strength (f in
a.u.), and the corresponding MO transition of sensor M, sensor D and the
complexes M—ALB* and D-A*

Transition E (eV) A (nm) f Composition CI (%)
M S; = So 2.60 476 0.217 LUMO to HOMO 98.5
M-AP*™ S, — S, 2.57 481 1.580 LUMO to HOMO 92.9
D S1 = So 2.43 509 0.567 LUMO to HOMO 97.3
D-AP™* S, > S, 1.10 1118 0.004 LUMO to HOMO 99.5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Frontier molecular orbitals (HOMO and LUMO) of sensor M and its complex M—AE* (left) as well as sensor D and its complex D—AL* (right).

to derive the binding stoichiometry of NDMIP-DASA and PNDMIP-
DASA with AI** cation. As displayed in Fig. S8 (ESIt), the NDMIP-
DASA-AI®* complex exhibited the 1:1 binding mode, whereas the
PNDMIP-DASA exhibited the 1:2 binding mode with AI** ions.
'H NMR titrations were performed in DMSO-dg to investigate the
binding motif between AI*" and the PNDMIP-DASA polymer.
As shown in Fig. 8, by the addition of AI’**, the peak of -NH at &
11.48 ppm and -OH at ¢ 11.24 ppm completely disappeared at
2 eq. of AI*". The signal of proton -CH=N and the aromatic
proton in the vicinity of the -OH group showed a slight down-
ward shift, whereas the other positions remain unchanged.
These results further supported the proposed binding phenom-
enon, as discussed by using computational data. The pH effect on
the absorption of NDMIP-DASA and PNDMIP-DASA in the presence
of AI** was also investigated and shown in Fig. S9 (ESIt).

4. Conclusions

In conclusion, we have reported a norbornene-derived hydrazone-
based NDMIP-DASA monomer, and its homopolymer PNDMIP-
DASA which consists of -CONH, -C—=N, and -OH groups to
understand the turn-off fluorescence mechanism towards Al**
ions. NDMIP-DASA and PNDMIP-DASA exhibited excellent
sensitivity towards AI**. The limit of detection of NDMIP-DASA
and PNDMIP-DASA towards AI** ions was 27.60 nM and 2.94 nM,
respectively. Sensor M, sensor D, and complex M-AI** showed a
small structural transformation after photoirradiation, causing
the small displacement of the potential energy curve between the
ground state and the excited state. The small displacement of the
potential energy curve resulted in a small Stokes shift between
the absorption and emission spectra in the UV-vis region.
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Fig. 8 Changes in *H NMR of PNDMIP-DASA (6.5 ppm) upon the addition of Al**.

However, the complex D-AI** structure in the S; state showed a
large distortion compared to the ground state. The large displa-
cement of the potential energy curve in the S, state decreased the
energy difference between the S, and S; states, resulting in an
emission shift from the UV-vis to NIR regions. In addition, the
oscillator strength of the S; to S, transition was close to zero.
These results made it difficult to find the emission of complex
D-AP" in the UV-vis region. This computational study provided
new insights into the fluorescence sensing of the turn-off
mechanism.
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