J Fluoresc
DOI 10.1007/s10895-017-2056-8

@ CrossMark

ORIGINAL ARTICLE

A Highly Selective and Sensitive Fluorescent Turn-on Probe
for AI’* Based on Naphthalimide Schiff Base

Hongping Peng' - Kesheng Shen' - Shanshan Mao' - Xinkui Shi' - Yuling Xu' -

Stephen Opeyemi Aderinto’ - Huilu Wu'

Received: 20 November 2016 / Accepted: 19 February 2017
© Springer Science+Business Media New York 2017

Abstract A simple and highly selective aluminium ion fluores-
cent probe (N-n-butyl-4-[3,3'-((2-aminoethyl)azanediyl)bis(V
"-(2-hydroxy-3-methoxybenzylidene)-propanehydrazide)]-1,8-
naphthalimide) (P-1) employing 1,8-naphthalimide as the
fluorophore group and Schiff base as the recognition group
has been successfully synthesized and systemically character-
ized. The structure of probe P-1 has been established by single
crystal X-ray. The photophysical properties of probe P-1 re-
vealed that the values of the fluorescence quantum yield are
higher in non-polar solvents than in polar solvents. Compared
with the free P-1, the fluorescence intensity of P-1 shows a
significant fluorescence enhancement in the presence of AI**
without any significant interference from other cations and an-
ions. In addition, from the UV—vis titration, fluorescence
titration,Job’s plot and "H NMR spectra analysis, we could pri-
marily confirm that three important coordinative sites of P-1 for
AP* were from imine nitrogen and tertiary amine nitrogen and
formed a 1:1 complex. The fluorescence intensity for the (P-1)
showed a good linearity with the concentration of AI** in the
range of 3.0-10.0 1M, with a detection limit of 8.65 x 10~ M
and a binding constant (K;) of 4.95 x 10*M L It is worthy of
note that the probe P-1 was successfully applied in detection of
AP* in Yellow River and tap water samples.
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Introduction

Aluminium is the most abundant metallic element (after oxy-
gen and silicon) in the earth and is found in its ionic form AP**
in most animal and plant tissues as well as in natural water
owing to acidic rain and human activities [1, 2]. Nevertheless,
aluminium has severe toxicity and is a non-essential element
for biological systems; high concentration of aluminum ion
not only hampers plant growth but has also been implicated in
various neurodegenerative and neurological disorders, such as
Alzheimer’s disease, dialysis encephalopathy, and problems
in bone and muscles, etc. [3-8]. For this reason, the develop-
ment of effective methods for the detection of concentration
levels of aluminium in the environment and some scientific
fields is not only crucial but also timely [9-12].

In recent years, the design and synthesis of highly selective
and sensitive fluorescent probes for biologically and environ-
mentally important ionic species have attracted a great deal of
attention [13—17]. Compared with the traditional detection
methods (atomic absorption spectrometry, flame atomic ab-
sorption spectroscopy, inductively coupled plasma atomic
emission spectrometry, mass spectrometry) [18-21], fluores-
cent probes with high sensitivity, selectivity, rapidity, inexpen-
sive and easy operational procedure have currently attracted
significant interests [22—26]. Along this line, many re-
searchers have developed and reported highly sensitive AI**
ion probes based on Schiff base [27, 28], quinolone [29],
rhodamine [30, 31], 1,8-naphthalimide [32-34].

In general, as a hard acid, AP prefers a matching hard base
as a binding receptor, and this demands the structure of the
probe had better can provide a nitrogen—oxygen-rich coordi-
nation environment [35-38]. The structure of probe P-1 con-
tains nitrogen—oxygen-rich coordination environments which
provide enough binding sites for metal ions and satisfy a pre-
requisite for the design of the efficient fluorescent probe.
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Experimental
Materials and Measurements

All chemicals were obtained from commercial suppliers and
used without further purification. Dilute hydrochloric acid or
sodium hydroxide was used for adjusting the pH values.
HEPES buffer (pH = 7.4) was prepared using double-
distilled water. Stock solutions of various metal ions (1 mM)
were prepared using the nitrate salt of each metal in double-
distilled water. The intermediate compounds 2—4 were synthe-
sized according to the literature [39—41].

C, H and N elemental analyses were determined using a
Carlo Erba 1106 elemental analyzer. The melting points of the
compounds were determined on an XD-4 digital micro melt-
ing point apparatus. 'H and '*C NMR spectra were obtained
with a Mercury plus 400 MHz NMR spectrometer with TMS
as internal standard and DMSO-dj as solvent. IR spectra were
recorded from 4000 to 400 cm ™' with a Nicolet FT-VERTEX
70 spectrometer using KBr pellets. Electrospray ionization
mass spectra (ESI-MS) were obtained on a BRUKER
micrOTOF-Q system. UV spectra were measured with Lab-
Tech Bluestar Plus UV Visible Spectrophotometer.
Fluorescence spectra were measured with Lengguang Tech.
F97 Pro Spectrofluorometer. Thin-layer chromatography
(TLC) was done using silica gel 60F,s4 plates (Merck KGaA).

Synthesis of the Probe
Synthesis of Compound 2

A suspension of 4-bromo-1,8-naphthalic anhydride 1 (15 g,
54 mmol) and n-butylamine (7.90 g, 108 mmol) in 300 mL of
ethanol was refluxed with stirring for 3 h. After the reaction
was complete, the reaction mixture was cooled to room tem-
perature and the solid phase was filtered off, washed with
ethanol and dried to give pure 4-bromo-N-n-butyl-1,8-
naphthalimide 2 as light yellow solid (17 g, 94.5%). M.p.
107-109 °C.

Synthesis of Compound 3

A solution of ethylenediamine (12.2 g, 201.67 mmol) was
weighed and put in 100 mL of round-bottom flask and heated
to a temperature of 65 °C. Thereafter, 4-bromo-N-n-butyl-1,8-
naphthalimide 2 (1.0 g, 3.01 mmol) was added to the portion
inside the 100 mL flask. The resulting mixture was heated to
reflux for 3 h with stirring. After the reaction was complete,
the reaction mixture was cooled to room temperature. 10 mL
of distilled water was poured into the solution, and the precip-
itate formed was collected by filtration, washed with distilled
water and dried. Recrystallized from toluene and dried to
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afford 4-(2-aminoethyl) amino-N-n-butyl-1,8-naphthalimide
3 as yellow-orange solid (0.49 g, 52%). M.p. 129-132 °C.

Synthesis of Compound 4

To a solution of 4-(2-aminoethyl)amino-N-n-butyl-1,8-
naphthalimide 3 (2 g, 6.4 mmol) in 80 mL of methanol, a
solution of methyl acrylate (5.5 g, 64 mmol) in 70 mL of
methanol, was added dropwise for a period of 30 min. The
reaction mixture was stirred for 2 days at room temperature
and the excess of methyl acrylate was removed by vacuum
filtration, and then dried under vacuum. The ester-
functionalized derivative 4 was obtained as orange oil
(1.95 g, 62.7%).

Synthesis of Compound 5

A solution of 1,8-naphthalimide 4 (1 g, 2.07 mmol) in 20 ml
of methanol was heated and dissolved. Then, a solution of
hydrazine hydrate (7.77 g, 124.2 mmol) in 5 mL of methanol
was added dropwise to the portion above at 5 °C for a period
of 30 min. The reaction mixture was stirred for 48 h at room
temperature, whereupon the precipitate formed was collected
by filtration, washed with methanol and dried. Compound §
was obtained as yellow solid (0.92 g, 92%). M.p. 175-177 °C.
Ry = 0.31 (CH,CL,/CH;0H = 5:1). Anal. calcd. C 59.61; H
6.88; N 20.28%; found: C 59.63; H 6.86; N 20.26%.

Synthesis of P-1

Compound 5 (0.2 g, 0.41 mmol) was dissolved in absolute
ethanol (10 mL). An excess of O-vanillin (0.25 g, 1.65 mmol)
in 10 ml of ethanol was added dropwise for a period of 10 min.
The reaction mixture was refluxed for 4 h. After the mixture
was cooled to room temperature, the precipitate produced was
filtered and washed with ethanol and dried to give the final
product (P-1) (0.29 g, 96.8%). M.p. 182—184 °C. IR (KBr; v/
cm '):2956.8, 1681.7, 1644.0.UV-Visible (in DMF, nm): 286,
437. Anal. calcd. C 63.90; H 6.03; N 13.04%; found: C 63.93;
H 6.07; N 13.01%. M-S([C40H45N-Og] + 1) m/z = 752.3663.
"H NMR (DMSO-ds, 400 MHz): § (ppm) = 11.56(d, 2H);
11.24(s, 2H); 10.84 (d, 2H); 9.38 (d, 1H); 8.52 (dd, 1H,
J =28 Hz); 8.31 (d, 1H, J = 8.0 Hz); 8.23(d, 1H, 12 Hz);
7.55-7.59 (m, 1H, J = 16 Hz); 7.46-7.50(m, 1H, J = 16 Hz);
7.13 (d, 1H, J = 8 Hz); 6.96 (d, 1H, J = 8 Hz); 6.89 (d, 1H,
J=8Hz);6.74 (dd, 1H, ] =24 Hz); 3.96-3.99 (m, 2H); 3.79 (s,
6H); 3.47 (s, 2H); 2.80-2.92(m, 8H), 2.45(d, 2H); 1.55-1.59
(m, 2H); 1.31-1.36 (m, 2H); 0.91-0.94 (m, 3H)."’C NMR
(DMSO-dg, 400 MHz): § (ppm) = 173.61, 168.12, 164.04,
163.26, 150.62, 148.22, 147.50, 147.14, 146.32, 141.24,
134.39, 130.64, 129.64, 128.30, 124.60, 122.15, 121.37,
120.78, 120.43, 119.44, 119.07, 118.94, 118.29, 114.04,
113.05, 108.45, 104.23, 56.18, 51.66, 49.67, 49.11, 41,25,
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41.07, 40.33, 39.50, 39.34, 32.72, 30.38, 20.32, 14.17.
(Fig. S1-S3).

Single Crystal X-Ray Structure Analysis of P-1

The structure of P-1 was confirmed by single crystal X-ray
crystallography. The ORTEP diagram of P-1 with atomic
numbering scheme is shown in Fig. 1. Important crystallo-
graphic data and refinement parameters are given in Table 1,
while the selected bond lengths and bond angles are listed in
Table 2. The bond lengths of C(21)-0(3), (1.221 A) and
C(22)-N(5), (1.273 A) are consistent with the double bond
characters of the>C = O and >C = N—bonds [42], respectively.

Results and Discussion

The desired probe P-1 was synthesized utilizing a five-step
procedure as shown in Scheme | and characterized by el-
emental analyses, IR, ESI-MS, '"H NMR and '*C NMR.

03 (3C21
) N
L 2
c31 (@~ N3 _ )
S C20
C30 >
@co

Fig. 1 Molecular structure of P-1 in the crystal with displacement ellipsoids
at the 15% probability level; hydrogen atoms are omitted for clarity

Table 1  Crystallographic data for P-1

Empirical formula

Cyo Hys N7 Og

Formula weight

Temp (K)

A (A)

Crystal system

Space group

a(A)

b (A)

c(A)

x( )

BG)

Y6

V(A%

zZ

Dcalc (g/cm3)

w (mm )

FO00)

Crystal size (mm)

0 range for data collection (, )
No. of reflections collected

No. of independent reflections (R;y)
Number of data/restraints/parameters
Goodness-of-fit on F?

R1, wR2 **[(I>20(D))]

R1, wR2™" (all data)

Largest difference in peak and hole (e.A)

751.83

296 (2)
0.71073
Monoclinic
P21/
16.3239(15)
17.1595(17)
13.7265(13)
90

99.097(2)

90

3796.6(6)

4

1.315

0.093

1592.0

0.40 x 0.38 x 0.30
1.26 to 25.50
20,057

0.0456
7080/21/502
1.025

0.0590, 0.1631
0.1185,0.2148
0.337,-0.223

*R; = D|[Fo-F IR
"Ry = [Sw(Fy* HFZ Y /2wy’ [P 1"

The structure of P-1 was further established by single crys-
tal X-ray crystallography. P-1 shows remarkable solubility
in polar aprotic solvents such as DMF, DMSO and THF;
solubility in ethanol, methanol and MeCN; and partially

soluble in water.

Table 2 Selected bond lengths (A) and angles (1) in the P-1

Bond length Bond angle

C(30)-N(3) 1.480(4) C(18)-N(3)-C(19) 111.4(3)
C(19)-N(3) 1.465(4) C(18)-N(3)-C(30) 112.2(3)
N(5)-N@4) 1.372(3) C(33)-N(7)-N(6) 118.8(4)
C(22)-N(5) 1.273(3) C(22)-N(5)-N(4) 120.0(2)
N(6)-N(7) 1.354(4) N(4)-C(21)-C(20) 115.5(3)
C(33)-N(7) 1.284(5) N(6)-C(32)-C(31) 116.0(4)
C(221)-0(3) 1.221(4) N(5)-C(22)-C(23) 119.7(3)
C(32)-0(6) 1.237(4) N(7)-C(33)-C(34) 120.1(4)
C(18)-N(3) 1.457(4)

@ Springer



J Fluoresc

CaHy
|
) (o] 3] N_ O

0 o M o o__N_0O
il il n-Butylamine HaNCH,CHoNH, Methyl acrylate OO
I I HN

o , M

: I
2! OM \«o

MeO OMe

C4Hg cAIHS

CHO CAIHS
¢ DO
-

P-1

Scheme 1 Synthesis of the fluorescent probe P-1
Photophysical Characteristics of P-1

The photophysical properties of the substituted 1,8-
naphthalimides are known to depend mainly on the polariza-
tion of their chromophoric systems. We therefore investigate
the photophysical characteristics of P-1 in organic solvents
with different polarities. Table 3 summarizes its photophysical
characteristics, where A4 is the absorption maxima, Ag is the
fluorescence maxima, ¢ is the extinction coefficient, A - ¢ is
the Stokes shift, and @r. is the fluorescence quantum yield.
As depicted from the data in Table 3, P-1 absorbs in the
near UV region with maxima at A, = 413442 nm; the ab-
sorption could be ascribed to 7—7t* transitions of the naphtha-
lene ring. The respective fluorescence maxima are at 505—
530 nm. The molar extinction coefficient (¢) is at 7708—
15350 M™' em ™!, corresponding to a S, — S; transition.
The polarity of the organic solvents is of great importance
for the photophysical properties of P-1 under study, most es-
pecially for the quantum fluorescence yield and Stokes shift.
The Stokes shift is an important parameter, which indicates

Table 3  Photophysical characteristics of P-1

Organic solution Ax(nm) &(L mol tem™) Ap(nm) A-p Dp
(em™)

DMSO 442 11,858 527 3396 0.21
acetonitrile 433 8525 519 3668 0.34
DMF 436 14,753 522 3622 0.22
methyl alcohol 413 15,350 530 4773 0.02
Ethanol 441 8495 527 3547 0.25
Acetone 434 9968 514 3428 0.71
THF 433 11,828 505 3293 0.97
dichloromethane 429 7708 509 3664 091
Trichloromethane 429 9908 508 3094 0.98
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Fig. 2 Fluorescence intensity of P-1 (5 uM) in the absence (m) and
presence (red dots) of AP* (2.0 equiv) in different pH buffer solution.
Agx = 350 nm

the difference in the properties and structure of the
fluorophore between the ground state Sy, and the first exited
state S;. The Stokes shift was calculated by the equation: ( 4 -
B = (1/Ax - 1/Ap) x 107 cm™ .

The obtained Stokes shift values are in the 3094—
4773 cm" region. It is obvious that the value of the Stokes
shift depends on the solvent media, with polar solvents yield-
ing larger Stokes shift values than non-polar solvents owing to
their more favored hydrogen bond formation or dipole-dipole
interactions (Table 3) [43—47]. The ability of probe P-1 to emit
absorbed light energy is characterized quantitatively by the
fluorescence quantum yield @ The fluorescence quantum
yield has been calculated on the basis of the absorption and
fluorescence spectra using N-butyl-4-n-butylamino-
naphthalimide (@r = 0.81 in ethanol) according to eq. [48,
49] cDF:CDrcs[(Ssamplc/Srcf)(‘qrcf/Asamplc)(nsamplc/nrcf)z]-

Herein, @ is the emission quantum yield of the sample,
@, is the emission quantum yield of the standard; A, and
Agample Tepresent the absorbance of the standard and sample at
the excited wavelength respectively; while S,.rand Sympc are
the integrated emission band areas of the standard and sample
respectively; and nyer and Ngymple are the solvent refractive
index of the standard and sample respectively. From Table 3,
it is clear that the values of @ for probe P-1 tend to become
higher with decreasing polarity of the solvents; this can be
explained by the photoinduced electron transfer processes,
which are accelerated in polar solvents [50].

Effect of pH

It is well-established that the performance of an electron
donor/acceptor based fluorescence probe is highly dependent



J Fluoresc

0.101

0.08+

Absorbance

0.06 4

0.04 4

Fig. 3 a UV-vis spectra of P-1 a
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on the proton concentration; the optimization of pH on the
efficiency of the probe is therefore very essential. The pH of
the solution was suitably adjusted to values between 0 and 14
using 0.1 M HCI and/or NaOH. This pH range was studied so
as to select the optimum conditions for the next experiments.
As shown in Fig. 2, fluorescence pH titration shows that P-1—
AP* exhibited a very stable fluorescence behavior in the pH
range 5.0-8.0. Thus, the result of pH titration indicates that the
probe P-1 could be used for the determination of AI** ions
under neutral environmental (about 7) for the subsequent stud-
ies [51-53].

UV-Vis Titration

UV-vis titration experiments were carried out in DMF-
HEPES (v/v, 1:1) at room temperature to understand the nature
of binding of P-1 (10 uM) to AI**. As shown in Fig. 3a, the
absorption spectrum of the free P-1 showed two absorption
bands at 285 nm and 449 nm. Upon gradual addition of AI**, a

V)

800

6004

400+

200+

Fluorescence intensity(a.u.)

550 600 650

Wavelength(nm)
Fig. 4 a Fluorescence spectra of P-1 (5 pM) upon the addition of metal
salts (50 uM) of Na*, K*, Ca**, Mg**, Pb**, Fe**, Ni**, Zn**, Cu**,
Hg?* Ag" Co®*, Cr'*, Mn**, Cd**, and AP* in DMF-HEPES (1:1 v/v)
solution (Aox: 350 nm). b Interference of other metal ions in a binary

500 6 9 12 15
[AI" ] (uM)

new band appeared at 375 nm with increasing intensity and a
clear isosbestic point at 301 nm was observed which clearly
indicated the presence of a 1:1 stoichiometric complex in
equilibrium with the receptor. In addition, the third band of
P-1 (at 447 nm) exhibited a red shift compared to the new
band in the spectrum of [P-1 + Al] (at 449 nm). The probable
reason for these phenomena is the 7-7t transition. Figure 3b
shows the plots of changes in 375 nm maxima as a function of
increasing concentrations of AI**. These phenomena indicat-
ed the formation of a new complex between ligand P-1 and
AP, Of course, all of these were further confirmed by fluo-
rescence measurement.

Fluorescence titration of P-1 to AP*

The selectivity of P-1 was investigated upon the addition of
several metal ions such as Na*, K¥, Ca®*, Mg**, Pb**, Fe’",
Ni**, Zn**, Cu**, Hg**, Ag*, Co®*, Cr’*, Mn**, Cd**, and
AI** in DMF-HEPES (v/v, 1:1) solution. As shown in

. P-1+A1Y
B P-1+A1* +other metal ions

T

500

400

300

200

100

Fluorescence intensity(a.u.)

Cu Co Ni Cr Fe Zn Hg AgNa K CaMgPbMnCd
Metal ions
mixture solution of P-1 (5 uM) + AP* (50 uM) + M™ (50 uM), where
Mn+ — Na+, K+, Ca2+, Mg2+, Pb2+, Fe3+, Ni2+, Zl’l2+, Cu2+, Hg2+, Ag+,
Co?*, Cr*, Mn**, Cd**, and AP** in DMF-HEPES (1:1 v/v) solution
Aem: 524 nm, A.,: 350 nm)
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Fig. 5 a Fluorescence spectra of
P-1 (10 uM) in DMF-HEPES
(1:1 v/v) solution. Upon the
addition of AIINO;); (0, 1,2, 3,4,
5,6,7,8,9,10, 11,12, 13 uM )
with an excitation of 350 nm. b
Fluorescence emission intensity
of P-1 at 534 nm as a function of
APP* concentration
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Fig. 4a, the free probe P-1 displayed a weak fluorescence
emission at 531 nm when it is excited at 350 nm. On addition
of various metal ions to aqueous solution of P-1, there was no
remarkable change in its fluorescence spectrum except in the
case of AI**. Thus, the fluorescence intensity of P-1 showed a
large fluorescence enhancement along with a blue shift of
8 nm in the presence of AI**, which was enough for the se-
lective detection of AI**.

To examine the affinity of P-1 to AI**, competitive exper-
iments in the presence of AP *(50 uM) mixed with other dif-
ferent metal ions were carried out in DMF-HEPES (v/v, 1:1)
solution. As shown in Fig. 4b, relatively low interference was
observed for the detection of AI’* in the presence of other
metal ions, which indicated that compound P-1-AP** system
was hardly affected by these coexistent ions. Additionally, the
effects of counter anions of the salts of various metal ions have
been researched. The data of experiment showed P-1 + AI**
probe complex with no such interference under neutral aque-
ous medium and the fluorescence intensity was insignificantly
affected by counter anions of the salts of various metal ions
(Fig. S4).

In order to get further insight into the binding interaction
between P-1 with A, we performed fluorescence titrations of
the probe in the solution containing different concentrations of

Fig. 6 a Determination of

AP** ions. As shown in Fig. 5a, the probe P-1 showed a weak
fluorescence signal at 531 nm when it is excited at 350 nm.
With the addition of increasing concentration of AI**, probe P-
1 exhibited a strong, increasing fluorescence enhancement at
524 nm. We proposed this phenomenon could be attributed to
the formation of 1:1 ligand—metal complex inhibiting photo-
induced electron transfer (PET) process and chelation-
enhanced fluorescence process. The nonlinear curve fitting of
the fluorescence titration also gives a 1:1 stoichiometric ratio
between probe P-1 and AI** (Fig. 5b). The results obtained
consistent with the above UV titration measurements results.

Binding constant has been determined using the modified
Benesi—Hildebrand eq. [54]: (Frax-Fo)/(Fx-Fo) = 1 + (1/K)
(1/[M]"), where Fy,ay, Fo, Fy are the maximum fluorescence
intensity of P-1 in presence of AI** at saturation, fluorescence
intensity of free P-1 and intensity of P-1 in presence of AI** at
any intermediate concentration respectively. The plot of
(Fmax-Fo)/(Fx-Fg) versus 1/[M] (where n = 1) (Fig. 6a) yielded
the binding constant value as 4.95 x 10* M ' (R = 0.99) (Error
estimated to be 10%) [55, 56].

Figure 6b also showed the good linearity between the emis-
sion at 529 nm and concentrations of AI** in the range from
3.0 to 10.0 puM, indicating that P-1 can detect quantitatively
relevant concentrations of AI**.

o

association constant of P-1 for 3.57 400+
AP** in DMF/HEPES (1:1, wiv, . = .
HEPES buffer, 10 mM, pH 7.4). b 304 K, =4.9510'M" 5 3501
Emission intensities of P-1 :O >
(10 uM) as a function of [AI**]: o - 7 3001
em: 524 nm, ex: 350 nm. The =~ f‘_-:’
detection limit is 7.88 x 107* M s = 2501
"5 2.0 2 2
= 8 200, R’=0.99
15 2 k=3.5810"
E 150 1
s
1.0 T T T T T T 100 T T T T T T T T 1
1.0 1.2 1.4 1.6 1.8 2.0 2 3 4 5 6 7 8 9 10 1M1
(v[Ar"D1o°™M [A"]10°M
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Fig. 7 Job’s plot for the determination of stoichiometry of [P-1-Al**]
system in DMF/HEPES (1:1, v/v, HEPES buffer, 10 mM, pH 7.4)

0.0

The detection limit based on the following equation: 30/k,
the detection limit reached at 8.65 x 10~ M (where o is the
standard deviation of blank measurements, and k is the slope
of the intensity versus sample concentration [57, 58]), which
is below the WHO acceptable limit (7.4 uM) in drinking water
[59, 60]. Therefore, it means that the probe P-1 can be used as
a selective fluorescent probe for the detection and recognition
of AP* in environmental analysis and analytical chemistry.

With interest to further validate the stoichiometry of P-1
and AI’*, Job’s method was employed using the emission
changes at 528 nm as a function of the molar fraction of
AP*. As shown in Fig. 7, maximum emission was observed
when the molar fraction of AI** reached 0.5, which is indica-
tive of 1:1 complexation between P-1 and AI**. Such a trend
is consistent with the previous UV—vis titration and fluores-
cence titration results.

"H NMR Titration

To study the detailed combination mode of AI** ions and P-1,
"H NMR spectra of P-1 upon the addition of AI** to solution
of the probe in DMSO-ds were recorded. As shown in Fig. 8,
the characteristic peak of the hydroxyl proton is located at
11.56 ppm. Upon the addition of 1.0 equiv. of AI** ions, the
proton signals of —OH at 11.56 ppm neither disappeared nor
underwent any chemical displacement, which means that —
OH groups may not be deprotonated and involved in coordi-
nation. The proton peak of -CH = N— at 11.24 ppm was
downfield shifted to a singlet at 11.84 ppm, and the protons
on the benzene ring of Schiff base at 3.79-7.57 ppm also
experienced a downfield shift to 3.81-7.72 ppm. It indicates
that the nitrogen atom of the Schiff base may participate in
coordination to AI’* ions. In addition, the protons of
ethylenediamine group undergone significant chemical shift
from 2.45-3.47 ppm to 2.82-3.90 ppm, which indicates that
the nitrogen atom of ethylenediamine group is also involved
in coordination [61, 62].

In order to further demonstrate the stoichiometry between
P-1 and AP** ion, MALDI-TOF mass spectrometry was con-
ducted. Mass peaks at m/z 778.3542 (calcd 778.38) corre-
sponding to [P-1 + AP']", and 752.3663 (caled 752.37)
corresponded to [P-1 + H]" were clearly observed when
A* was added to P-1, which provided evidence for the for-
mation of a 1:1 complex (Fig. S5). Therefore we could pri-
marily confirm that three important coordinative sites of P-1
for AP’* were from imine nitrogen and tertiary amine nitrogen
and formed a 1:1 complex as shown in Scheme 2.

Reversibility Study

The reversibility of the recognition process of P-1 was per-
formed by adding a bonding agent, Na,EDTA. The addition

|
1 | ‘ P-1+AP*
| | ﬂl | r\“ nl

M"J' S— '\_J” W LJ'H » iy ~/ Uk\_... J"u' |

1 E L P-1
.“‘ : q ‘ ' n

"' k&J‘L LJL 'L_AM\Jllﬂ q ,_Jh'v" \J |~Jk \ JL_J‘ A_/I'

12 11 ' 8 7 6 5 a3 2 1 0

Fig. 8 "H NMR spectra of P-1 with AI(NOs);.9H,0 in DMSO-d6 (I) P-1; (I) P-1 and AP*. Inset: the expansion of chemical shift at 0.31-0.89 ppm
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Scheme 2 Proposed mechanism
for detection of AI** by P-1

of Na,EDTA to a mixture of P-1 and AI** resulted in diminu-
tion of the fluorescence intensity at 530 nm, indicating the
regeneration of the free probe P-1 and a reversible coordina-
tion between P-1 and AI** (Fig. S6). Upon the addition of
AP**, the fluorescence intensity of P-1 showed significant
fluorescence enhancement at 530 nm again. The reversible
response towards AI** meant that the receptor P-1 could be
used as a selective fluorescent probe for detection of AI**
in such fields of environmental analysis and P-1 is a
chemosensor not a chemodosimeter of AI**.

Application of P-1 for AP Analysis in Water Samples

We examined the applicability of the proposed probe P-1 in a
practical sample for the determination of AI** in Yellow River
and tap water samples. Yellow River water samples were ob-
tained from the Yellow River (Lanzhou, China) while tap
water samples were obtained from our school, Lanzhou
Jiaotong University. The water was simply filtrated and
showed that no AI’* was present in them. All the water

Table 4 Recovery study of spiked determination of AI** in water
samples

Sample AP* spiked  AlP**recovered,mean®+SD® Recovery
(LM) (M) (%)

Yellow River 5 5.03+0.14 100.6
water 1

Yellow River 7 7.13+£0.22 101.7
water 2

Yellow River 9 8.97+£0.17 99.7
water 3

Tap water 1 4.95+0.04 99

Tap water 2 7 7.08 £0.23 101.1

Tap water 3 9 9.31+£0.36 103.4

#Mean of three determinations
®$D standard deviation

@ Springer
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samples were spiked with standard AI** solutions at different
concentration levels and then analyzed with proposed probe.
The results are shown in Table 4. One can see that the recovery
study of spiked AI** determined by the P-1-based probe
shows excellent results. The present probe seems useful for
the determination of AI** in real samples.

Conclusion

In summary, we have successfully developed an efficient fluo-
rescent AI**-probe (P-1) based on a naphthalimide derivative.
P-1 exhibited high selectivity and sensitivity for detecting
AP** over other commonly coexistent metal ions in DMF-
HEPES (v/v, 1:1) solution. The results of experiment studies
further indicated that P-1 and aluminum (IIT) ion formed a 1:1
complex that led to fluorescent enhancement. Above all, be-
cause of the low detection limit in aqueous solution, the probe
could find potential applications to detect micromolar concen-
trations of AI** in both biological and environmental systems.
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