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A novel off-on fluorescent chemosensor for Al>*
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The performance of a chemosensor is closely related to its structure. A new Schiff bass (DFSB) based on 4,5-
diazafluorene units has been synthesized in this work. The interaction of DFSB with different metal ions has
been studied using UV-vis absorption spectra and fluorescent spectra. The results show that DFSB is
a highly selective and sensitive probe for A*" ions over other commonly coexisting metal ions in
ethanol. A very obvious fluorescence enhancement effect was observed, and a turn-on ratio over 1312-
fold was triggered with the addition of 10 equiv. of A®* ions. What is more, such fluorescent responses
could be detected by the naked eye under a UV-lamp. The lowest detection limit for A" was
determined as 3.7 x 10~ M. The complex solution (DFSB—A*) exhibited reversibility with EDTA. These
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1 Introduction

AI** ions existing in natural waters and most plants can enter
the human body through foods and water.! The normal
concentration range for aluminum ions in biological systems is
narrow, with both deficiency and excess causing many patho-
logical states, such as Alzheimer's disease, Parkinson's disease,
chronic renal failure, bone softening and smoking related
diseases.?® Since there is a close association between AI’* and
human health, developing fluorescent chemosensors with high
selectivity and sensitivity for detecting trace amounts of AI** has
attracted increasing attention.

In recent years, chemosensors have attracted significant
interest because of their high sensitivity, selectivity, rapid
response”® and simplicity’ and have been widely used in many
fields such as public health,'*"* metal ion detection,**™¢ envi-
ronmental monitoring'”* and disease diagnosis. Incorporation
of specific functional structure unit into the fluorescent che-
mosensors leads to advanced functional materials that exhibit
certain advantageous properties, such as highly selective and
sensitive sensor for analysis.*® In addition, fluorescent sensors
based on a large group of structurally different fluorophores,
including coumarin,*?** 8-hydroxyquinoline, naphthalene,**
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results may be caused by the unique molecular structure.

25-27 28

rhodamine, pyrrolidine,*® calixarene,* hydroxyflavone,****
thiazole,* oxazoline and imidazoline*® have been developed.
These sensors have sufficiently high selectivity. However, for
many of them, the fluorescent response and detection limit of
a determined cation is not sufficient. For example, the sensor
based on julolidine shows only 7.8-fold fluorescence buildup by
reaction with Zn>" ions.>* Therefore, the aim of determining
simple structure and obtaining fluorescent chelating ligands
capable of acting both as a selective chemical reagent and an
“off-on” fluorescent cation sensor is very relevant.

4,5-Diazafluorene is one of the most powerful building
blocks for creating multifunctional structures. These
compounds have similarities to 2,2'-bipyridyl and 1,10-phe-
nanthroline derivatives.*® Furthermore, these compounds can
form various complexes by coordination to metal ions such as
Fe*" ¢ Cu® % Ccd*>",* Eu*",* and Ru*".** The 4,5-diaza-
fluorene has been chosen as an ideal structure of a fluorescent
chemosensor due to its large m-system and bidentate coordi-
nation ability with various metal ions. Some Ru(u) polypyridyl
complexes containing 4,5-diazafluorene wunits has been
employed as fluorescent probes for metal ions.**~** However, the
fluorescent chemosensors based on the binding ability of 4,5-
diazafluorene units to metal ions is rarely.***

Herein, we report the synthesis and characterization of
a Schiff base ligand (DFSB) obtained by condensing 9,9-bis(4-
aminophenyl)-4,5-diazafluorene with salicylaldehyde. The AI**
recognition ability were investigated. The free chemosensor
DFSB shows weak fluorescence emission. Upon binding of Al**,
a significant fluorescence enhancement over 1314-fold is ach-
ieved in ethanol.
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2 Experiment
2.1 Materials and instrumentation

The reactants 4,5-diazafluoren-9-one (1)*®* was prepared
according to the literature. Aniline (Tianjin Guangfu) was
purified by distillation prior to use. All organic solvents were of
analytical reagent grade. Nitrate and chloride salt of all cations
used were of high purity and used without any purification.

The stock solution for DFSB (3 mM) were prepared in DMSO,
stock solution for nitrate and chloride salt of different metals of
Ag+, A13+, Ba%, Caz+’ Cd2+, C02+, Cr3+, Cu2+, Fe2+, Fes+’ Hg”, K+,
Li*, Mg”*, Mn**, Na*, Ni**, Sr**, Pb®>" and Zn>" were prepared by
dissolving the salts in deionized water to the final concentra-
tions of 1.0 mM. The absorption and fluorescence titrations
were performed on 10.0 uM solutions of DFSB in ethanol and
the aliquots of freshly prepared standard aqueous solutions of
metal ions were added to record the absorption and fluores-
cence spectra. Each spectrum was recorded 40 min after AI**
addition.

The "H NMR and "*C NMR spectra were measured on a JEOL
EX-400 spectrometer using DMSO-dg¢ as solvent and tetrame-
thylsilane as the internal reference. UV-vis spectra were exam-
ined on a Lambda 35 spectrophotometer and fluorescent
recorded on a LS-55 spectrofluorophotometer with excitation
slit at 15.0 nm and emission at 7.0 nm.

2.1.1 Binding constant calculation. The binding constants
of the inclusion complex were obtained from the fluorescence
titration data. According to the Benesi-Hildebrand method, the
equation for a 1 : 1 host : guest complex is given below:

F_Fmin

m = IOg[M} — IOg Kd

log

In this equation Kj is the dissociation constant and different
fluorescence emission intensity Fiin, F and Fn .« are the find out

7\ /\+ONH,

—— e,
N N

CHO

_—
Methanol 12h

Scheme 1 Synthesis of the Schiff base DFSB.
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at Amax = 475 nm, for the complex at initial, interval, and the
final state of complex. Concentrations of metal represent by M
and association constant (K,) was determined by K, = 1/Kg.

2.1.2 Determination of detection limit. The detection
limits (DLs) of DFSB for Al** were calculated using the following
equation:

30
DL = 2
S

where o is the standard deviation of the blank measurement,
which is 0.077 here, and S is the slope between the emission
intensity vs. the concentration of aluminium ion.

2.2 Monomer synthesis

2.2.1 Synthesis of 9,9-bis(4-aminophenyl)-4,5-
diazafluorene (2). 9,9-bis(4-aminophenyl)-4,5-diazafluorene
was synthesized by accordingly to describe the method in
Scheme 1. Methanesulfonic acid (4.04 g, 41 mmol) was slowly
added to the aniline (19.56 g, 210 mmol) was placed in a 100 ml
three-necked flask with magnetic stirring and a nitrogen inlet.
Then, 4,5-diazafluoren-9-one (5.45 g, 30 mmol) was added. The
mixture was the heated to 155 °C for 24 h under an atmosphere
of nitrogen with continuous stirring. The solution was cooled
below 80 °C followed by neutralization with a solution of 5%
sodium hydroxide. The precipitate was filtered and washed with
water and ethanol. The crude product was purified by recrys-
tallization to give a white powder (4.04 g, yield: 59%), mp:
>300 °C.

IR (KBr, cm™'): 3454 (NH), 3331 (NH), 3066-3004 cm " (C-
N), 1510 cm ' (C=N); '"H NMR (400 MHz, DMSO-d, 4, ppm,
TMS, Fig. S171): 5.03 (s, 2H, -NH,), 6.42 (d, H?, ] = 8.4 Hz, 2H),
6.75 (d, H?, J = 8.4 Hz, 2H), 7.35 (dd, H®, J = 4.8, 4.8 Hz), 7.84
(dd,H’,J = 1.6, 1.6 Hz, 2H), 8.62 (dd, H’,J = 1.6, 1.6 Hz, 2H); °C
NMR (100 MHz, DMSO-ds, 6, ppm, TMS, Fig. S11): 59.8 (C°),

HoN NH.
Ly ()
155°C 24h
/ \
\N N/

2

2

oH - s
.ys
0

DFSB
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114.1 (C?), 123.9 (C?), 128.5 (C%), 131.0 (C°), 134.2 (C7), 147.5
("), 148.0 (CY), 149.7 (C%), 157.1 (C'°).

2.2.2 Synthesis of 4,5-diazafluorene Schiff bases (DFSB).
9,9-bis(4-aminophenyl)-4,5-diazafluorene (0.175 g, 0.5 mmol)
was placed into a 100 ml round-bottom flask which was fitted
with condenser, thermometer and magnetic stirrer. Methanol
(50 ml) was added into the flask and reaction mixture was
heated up to 80 °C. A solution of salicylaldehyde (0.183 g, 1.5
mol) in 20 ml methanol was added into the flask. Reactions
were maintained for 12 h under reflux. The precipitated
monomers was filtered hot and dried in a vacuum desiccator.
(0.24 g, yield: 85.7%). 'H NMR (DMSO-ds, 6, ppm, TMS,
Fig. S21): 12.95 (s, ~OH), 8.91 (s, H’, J = 1.2 Hz, 2H), 8.74 (dt,
H'®, J = 4.8, 1.2 Hz, 2H), 8.12-8.04 (dt, H", J = 7.8, 1.4 Hz, 2H),
7.63 (dd, H’, J = 7.8, 1.4 Hz, 2H), 7.48 (m, H?, 2H), 7.41 (tt, H', J
= 3.1, 2.4 Hz, 2H), 7.35 (dd, H®, J = 8.6, 1.3 Hz, 4H), 7.25 (dd,
H',J = 8.5, 1.2 Hz, 4H), 7.00-6.92 (m, H? and H,* 4H). "*C NMR
(DMSO-ds, 6, ppm, TMS, Fig. S2): 164.18 (C"), 160.78 (C’),
157.33 (C"), 150.66 (C®), 147.89 (C'°), 145.83 (C'"), 142.58 (C™),
134.59 (C%), 133.90 (C*?), 133.05 (C°), 129.16 (C'°), 124.48 (C°),
122.24 (C%), 119.83 (C*), 119.67 (C®), 117.12 (C?), 60.83 (C"?).

3 Result and discussion
3.1 Absorption spectra study of receptor DFSB

As seen in Fig. 1, the absorption spectrum of receptor DFSB
exhibited four absorbance peaks. The intense absorption band
in high energy region at 233 nm and a small hump at 258 nm
was assigned as the absorption overlap of ligand-to-ligand-
charge-transfer (LLCT) transitions,*” Also, a broad band at 320

View Article Online
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to 350 nm could be assigned to w — 7* transition of the C=N
group from 4,5-diazafluorene moiety.* Upon addition of AI**
ions, a significant change is observed in the UV-vis absorption
spectra of DFSB, the absorption band of DFSB at 258 nm
decreased with concomitant evolution of a new small hump at
251 nm; meanwhile, the broad band at 320 to 350 nm decreased
with concomitant evolution of a new broad peak at 307 nm are
assigned as MLCT absorptions. Clear isosbestic points at
241 nm, 263 nm and 380 nm are noticeable, which indicates the
formation of only one active DFSB-AI’" complex (Fig. 2). In
order to further validate the stoichiometry of the receptor DFSB
and AI’**, Job's plot was catried out. The concentration depen-
dent studies further confirmed the formation of 1:1 coordi-
nation complex between AI** and DFSB (Fig. S3t). Thus, the
presumed binding mode of DFSB-AI*" complex was given in the
Fig. 2.

3.2 Fluorescence study of AI**

The fluorescence behavior of DFSB is canvassed upon the
addition of various metal ions in ethanol. As shown in Fig. 3a,
receptor DFSB alone displayed a very weak single fluorescence
emission intensity at 475 nm (about 0.66) with an excitation
392 nm. Upon addition of other cations (Ag*, Ba**, Ca®>*, Cd*",
Co*", cr*’, cu®, Fe**, Fe**, Hg*", K', Li*, Mg**, Mn**, Na*, Ni*",
Sr**, Pb>* and Zn>") no significant changes were observed except
Mg>* (about 51.5). But on addition of 10 equivalents of AI** ions,
the fluorescence intensity of DFSB (10 pM) increased rapidly
which shows the high selectivity of AI** ions. The fluorescence
enhancement efficiency observed at 475 nm was 1312-fold

2.0 - vasy e e — ]
115 /')/ s 2 ="
| 1 % —a=251om
1104 .‘ —e— 258 nm
_‘105-;
3 1004
1.5+ +AI” vesl?
0 eq N
000 025 D50 075 100 125 150 175 200 225
8 p AL
-§ 0% : —=— 320 nm
0204]
s 1.0
8 uaa-'.l
< i —~ors \
0704 \-A\
080 T
0‘5_ 000 025 050 075 100 125 150 175 200 225
AT
1 d * isosbestic points
o4+ —
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Fig.1 UV-vis spectra of receptor DFSB (10 uM) in aqueous ethanol upon addition of increasing concentration of A™. Inset: a plot of absorbance
intensity as estimated by the peak height at 251 nm, 258 nm and 320 nm.
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Fig. 2 The presumed binding mode of DFSB-A* complex.

HO.

A

greater than the control in the absence of AI’* (Fig. 3b). In the
absence of AI’", the extent of intramolecular charge transfer
(ICT) in DFSB was sufficient enough to enhance its fluores-
cence. The chelation of DFSB with AI** not only enhanced the
ICT effect in DFSB but also increased the rigidity of the
molecular assembly resulting in a significant enhancement of
the fluorescence intensity which is known as chelation-
enhanced fluorescence (CHEF).** Based on the use of a UV
lamp, the solution of receptor DFSB showed a dramatic color
change from colorless to fluorescent blue in the presence of AI**
ion, which could easily be detected by the naked-eye (Fig. 3c).
In order to establish the specific selectivity of DFSB to Al*",
we performed the single and dual metal competitive analysis, as
shown in Fig. 4. In a single metal system (black bars), all the
metal ions (Ag®, Ba®>", Ca®>", Cd**, Co*", Cr**, Cu®', Fe**, Fe*",
Hg™*, K', Li", Mg®", Mn**, Na, Ni**, sr**, Pb>" and Zn*")
concentrations were kept as 100 pM towards DFSB. However, for

1000 (a)

‘//AW

Emission intensity

AgS B, i, el eot CF
cu, s, R, Fe', Hg'U K
Li's Mn®, Na', Ni', Pb*, Zn®
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Fig. 4 Fluorescence response of receptor DFSB (10 uM) containing 10
equiv. of A" to the selected metal ions (100 pM). The black bar
represents emission intensity after adding 10 pM selected metal ions
(Ag*, A13+, Ba2+, Ca2+, Cd2+l C02+‘ Cr3*, Cu2+, Fe2+' Fe3+' ng+‘ K* Lit,
Mg?*, Mn?*, Na*, Ni?*, Pb2*, Sr?* and Zn?") in ethanol solution and red
bar represent emission intensity after adding 10 pM of A** in each of
the above samples. Excitation wavelength (nm): 392.

the dual-metal (red bars) studies, two equal amounts of aqueous
solutions of AI>" and other metal ions (100 uM + 100 uM) were
combined. From the bar diagram (Fig. 4), the PL intensity of the
DFSB shows no obvious changes except for Fe**. Therefore, it
was clear that other ions interference was negligibly small
which were attributed to the unique structure of the DFSB. The
unique selectivity of DFSB towards Al** could be interpreted in
terms of the smaller ionic radii (0.5 A) and higher charge density
(r = 4.81) of the AI**. The smaller radii of the AI*" permits
a suitable coordination geometry of the chelating receptor DFSB

(b)

1400 +
1200 4
1000 —

I,= intensity at 475 nm for A*=0 M
| = intensity at 475 nm

800
600
400

200

L S B

20p 300y 20

Ag” A"Ba*Ca’"Cd"Co’'Cr*"Cu’"Fe* Fe* Hg

K’ Li" Mg“'Mn®'Na’ Ni*" Pb*'Sr*'zn’"

Fig. 3

(a) The fluorescence spectra of the DFSB (10 uM) in the presence of 10 equiv. of various metal ions in ethanol. Excitation wavelength (nm):

392. (b) Fluorescence emission response profiles for DFSB (10 uM) by adding various metal ions in ethanol. (c) Visual fluorescence emissions of
sensor DFSB after addition of Ag*, A®*, Ba®*, Ca2*, Cd?*, Co?*, Cr¥*, Cu?*, Fe?*, Fe3*, Hg?", K*, Li*, Mg?*, Mn?*, Na*, Ni2*, Pb?*, Sr2* and Zn?*
(10 equiv.) in ethanol on excitation at 365 nm using UV lamp at room temperature.
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Fig. 5 (a) Fluorescence emission spectra of receptor DFSB (10 uM) in ethanol solution upon addition of increasing concentration of AB*. From
bottom to top: [A*] = (0, 0.1, 1, 4, 7,10, 20, 30, 40, 50, 60, 70, 80, 90, 100 pM); (b) plot of fluorescence intensity at 475 nm versus the number of

l3+

equivalents of AI®" added. Excitation wavelength (nm): 392.

and the larger charge density allows a strong coordination
ability between DFSB and AI**.>*

Fluorescence titration experiments were carried out to investi-
gate the complexation of A’ with the receptor DFSB. With an
increasing concentration of AI’*, the intensity of the maximum
emission at 475 nm increased gradually (Fig. 5a). Using the cali-
bration graph (Fig. 5b), it was possible to determine AI’*" in ethanol
up to 30 uM. The calibration curve is linear with a correlation
coefficient, R> = 0.956. From the fluorescent titration data, the
detection limits was also measured to be 3.7 x 10~ % M (Fig. $4t) in
ethanol. Moreover, the dissociation constants of DFSB-AI’" was
calculated to be 1.8 x 10° M (Fig. S41).

As shown in Fig. 6, the reversibility of sensor DFSB has been
studied by the titration of EDTA with fluorescent probes (DFSB +
AI’"). The DFSB has very weak fluorescence emission intensity
in ethanol. Upon adding AI’" ions, the fluorescence intensity
increases significantly. The fluorescence emission intensity
returned to lower level for sensor DFSB after addition of EDTA.
These results show that the addition of EDTA can completely
destroyed the DFSB-AI’** complex. This may be due to the

coordination constant between EDTA-AI*" is greater than
DFSB-AI*".
160
140 ——DFSB
—— DFSB+AI”
1201 —— DFSB+AI"+EDTA
2 1004
f o
g
£ 80
c
S
& 60
£
w
40 |
20
0

4%0 ' 5(|)0 5%0 ' 660 eéo
Wavelength (nm)
Fig. 6 Fluorescence emission spectra of receptor DFSB (10 pM) in the

presence of A** ions (30 uM) or EDTA (10 pM) in ethanol. Excitation
wavelength (nm): 392.

This journal is © The Royal Society of Chemistry 2018

4 Conclusion

In conclusion, A novel off-on fluorescent chemosensor for AlI**
derivated from 4,5-diazafluorene Schiff base derivative has been
developed. The probe shows great fluorescence turn-on upon
binding AI** and gives fluorescence enhancement by about
1312-fold at 475 nm. Moreover, the sensory system shows bright
blue colour with AI** under a UV lamp, which can be easily
identified by the naked eye. Thus, the reported sensor shows
potential for detection of AI** using fluorescence spectroscopy.
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