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Abstract

A new fluorescent sensor was designed and synthesized from 5-nitro-1,2-dihydroacenaphthylene, n-butyl amine and 1-(2-
pyridyl)piperazine. In DMF/H,O (3:1, v/v), the sensor showed excellent selectivity and sensitivity to Fe>* with fast fluorescence
enhancement and good anti-interference ability. The maximal fluorescence intensity was linearly proportional to the Fe**
concentration (60—140 uM). The detection limit was 81 nM. The sensor could work in a pH span of 5.0-8.0. A 1:1 complex

was formed reversibly between the sensor and Fe®*.
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Introduction

Iron is an important microelement in living body which par-
ticipates in oxygen transporting of hemoglobin and catalysis
of enzyme. The insufficiency of iron may cause some diseases
such as anemia, diabetes and hemochromatosis, while the ex-
cess of iron may raise the incidence of certain cancers and
organ dysfunction [1, 2]. As one of the common species of
iron, Fe®* is found widely in the environment and organism.
Consequently, the trace of Fe’* is of great significance.

Owing to high selectivity, real-time monitoring and low
cost, fluorescence sensor has stood out from a series methods
of detecting ions [3—8]. Resulting from the paramagnetic na-
ture of Fe** [9], most fluorescence sensors for Fe** acted as
“turn-off” [10—13]. However, researchers in this field all
know “turn-on” fluorescent sensors are more sensitive and
desirable. There were also several “turn-on” Fe®* sensors
have been reported. But they were more or less imperfect.
For example, the synthesis process was complicated [14,
15], the selectivity was poor [16], or the detection limit was
not low enough [17].

In view of the pronounced effect of the recognition unit on
the sensor’s property, in this work, we took 1,8-naphthalimide
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as reporter, 1-(2-pyridyl)piperazine as receptor to design
and synthesize a “turn-on” fluorescent sensor for Fe’*.
Not only could the sensor be prepared in a relative simple
and practical way, but also it could quickly respond to Fe**
with high selectivity, distinct fluorescence enhancement
and nanomolar Fe** concentration.

Experimental
Materials and Instruments

5-nitro-1,2-dihydroacenaphthylene (98%) was obtained from
Anshan HIFT Chemical Co., Ltd., n-butyl amine (98%) and
EDTA were bought from Yake Chemical Reagent Co., Ltd.,
1-(2-pyridyl)piperazine (98%) was provided by J&K
Chemical Co., Ltd., the solvents and metal salts were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. All of
the reagents were used without further purification. Deionized
water (H,O) was used.

LC-mass was recorded on an Agilent 1200/6220 spectrom-
eter (Agilent Co., USA). "H NMR and '>C NMR spectra were
performed on 400 and 300 MHz Varian Unity Inova spec-
trometers (Varian Co., USA) respectively. IR spectra were
tested on a TENSOR27 spectrometer (Bruker Optics Co.,
Germany). Elementary analysis was done on a Carlo-Erba
EA1110 CHNO-S (Carlo-Erba Co., Italy). Fluorescence spec-
tra were recorded on a F-2500 spectrofluorometer (Hitachi
Co., Japan). pH values were indicated by precision pH test
paper (Shanghai Sanaisi Reagent Co., Ltd., China). All the
measurements were carried out at 25 °C.
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Sensor Synthesis

The novel Fe’* sensor, 2-butyl-6-(4-(pyridin-2-yl)piperazin-
1-yD)-1H-benzo[de]isoquinoline- 1,3(2H)-dione (PPBN), was
synthesized according to Scheme 1.

Based on the reference [18], 5 g (0.025 mol) 5-nitro-1,2-
dihydroacenaphthylene was dispersed in 50 mL of acetic acid,
in which 50 mL of acetic acid solution of 30 g (0.1 mol)
Na,CrO; was added dropwise at 22-25 °C within 2 h. The
mixture was reacted at 100 °C for 5 h, then cooled to room
temperature, poured in 300 mL H,O and then filtered. The
filter cake was washed with H,O and dehydrated at 120 °C
for 4 h. An orange solid was gotten and boiled in 300 mL
Na,COj saturated solution for 30 min, followed by hot filtra-
tion. The filtrate was cooled, adjusted pH to 2 with 36.5%
hydrochloric acid solution. The precipitation was collected
by filtration, washed with H,O and dried at 100 °C to obtained
the intermediate 4-nitro-1,8-naphthalene anhydride (NNA) as
an aurantius solid (3.6782 g, yield: 60.5%).

Referring to the literature [19], 0.25 mL (2.6 mmol) n-butyl
amine was added dropwise to the ethanol/acetic acid solution
(15:0.5, v/v) 0of 0.6075 g (2.5 mmol) NNA. After 5-h reaction
under reflux and hot filtration, the filtrate was cooled and
precipitate appeared. The precipitate was collected by filtra-
tion and washing with a little ethanol, further drying at 45 °C
under vacuum and recrystallized with ethanol to give a light
brown solid (0.5082 g, yield: 68.2%) which was the interme-
diate 2-butyl-6-nitro-1H-benzo[de]isoquinoline-1,3(2H)-
dione (NBN). LC-MS (m/z): calculated 299.3, found 299.3
[M +H]J" (Fig. S1).

In nitrogen atmosphere, 0.1789 g of NBN (0.6 mmol) was
dispersed in 10 mL. DMF and added 5 mL DMF solution of
0.4963 g 1-(2-pyridyl) piperazine (3 mmol) under stirring.
The mixture was reacted at 25 °C for 72 h, then put into
100 mL methylene chloride, washed with H,O (3 x
100 mL). The organic phase was collected, dried with anhy-
drous sodium sulfate and removed methylene chloride to get
wine red oil. Silica gel column separation (eluent: petroleum
ether/ethyl acetate, 5:1, v/v) afforded the sensor as a bright
yellow powder (0.1534 g, yield: 61.6%). LC-MS (m/z): cal-
culated 415.2, found 415.2 [M +H]* (Fig. S2). '"H NMR
(DMSO-dg4, 400 MHz, 6 ppm): 8.59-8.62 (d, J=6.8 Hz,
1H, e), 8.52-8.55 (d, J=8 Hz, 1H, g), 8.47-8.50 (d, J=
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Scheme 1 Synthetic route of PPBN
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8.4 Hz, 1H, i), 8.24-8.27 (d, J=3.6 Hz, 1H, n), 7.70-7.60
(t,J=8Hz, 1H, 1), 7.54-7.59 (t, J=7.6 Hz, 1H, m), 7.24-7.27
(d,J=8.4Hz, 1H, h), 6.69-6.79 (dd, J=8.4 Hz, 2H, 1), 4.15-
4.20 (¢, J=7.6 Hz, 2H, d), 3.85-3.88 (s, 4H, j), 3.38-3.41 (s,
4H, k), 1.67-1.76 (m, J=17.6 Hz, 2H, ¢), 1.40-1.50 (m, J=
7.6 Hz, 2H, b), 0.95-1.00 (z, J= 7.6 Hz, 3H, a) (Fig. S3). 1°C
NMR (DMSO-dg, 300 MHz, 6 ppm): 164.6 (e), 164.2(f),
159.4 (j), 155.8 (q), 148.1 (u), 135.0 (1), 132.6 (s), 131.3 (1),
130.2 (h), 126.0 (g), 123.5 (n), 117.3 (m), 115.2 (1), 114.1 (k),
107.6 (r), 53.0 (0), 45.7 (p), 40.2 (d), 30.4 (c), 20.5 (b), 14.0
(a) (Fig. S4). IR (KBr pellet, cm 1): 3062 (=C —H), 2965,
2931, 2845 (CH3, CH,), 1694, 1660 (C=0), 1588, 1482 (phe-
nyl), 1086 (C—N) (Fig. S5). Elementary analysis of PPBN
(Cy5H,6N4O5): C, 72.44/71.97; H, 6.32/6.28; N, 13.52/13.80
(%, Calculated/Found).

Fluorescence Test Method

PPBN was dissolved in dimethyl formamide (DMF) to form
1 mM stock solution. Metal salts were dissolved in H,O to get
10 mM stock solutions. When examining the fluorescent sens-
ing performance of PPBN, 10 pL stock solution of PPBN was
put into 10 mL volumetric flasks, mixed with 0-17 puL one of
the metal ion stock solutions, then diluted to volume with
DMF and H,O. The detection medium was DMF/H,O (3:1,
v/v). The concentration of PPBN was 10 uM. The concentra-
tion of metal ions varied in the range of 0—170 uM. The
excitation and emission wavelengths were selected as 410
and 530 nm, and the slit width was 5 nm.

Results and Discussion
Selectivity and Sensitivity of PPBN to Fe**

The response of PPBN to a number of environmentally and
biologically related metal ions such as Na*, Mg?*, K*,
Ca2+, CU.2+, Zn2+, CI‘3+, Fe3+, Fe2+’ Ni2+, Cd2+, C02+,
Hg?* and Pb** was investigated by fluorescence spectra
in DMF/H,O (3:1, v/v) (Fig. 1). It is obvious that Fe** over
other cations caused a 15.8-fold fluorescence enhancement
(FE). It could be explained that the N atoms in pyridine and
piperazine moities provided the binding sites for Fe’* and

] \(\/ @' A \N‘/\O/
OO (I

N
</

DMF, 25°C, 72 h

N

NBN PPEN 7\



J Fluoresc (2019) 29:445-450

447

201
Fe3+
4x10°1
. / none,Na"K",Ca’" Mg™,
154 2 Cu™',zn”,Cr" Pb” Ni™",
% X FGB,MHH,COB,CdB,HgM
=2x1071
104 =
04
500 600 700
51 Wavelength /nm
ol e e

ARSI

S A A A A A S S R XY

QOQ Qe + c® @% o 45 S RO Do @Q ¢o QBQ%

Fig. 1 Fluorescence enhancement (FE) of PPBN caused by different
metal ions. Solvent: DMF/H,O (3:1, v/v), c: 10 uM (PPBN), 150 uM

(metal ions), Aeyx: 410 nm, Ag: 530 nm, slit width: 5 nm. The insets showed
the fluorescent spectra of PPBN with and without metal cations

then enhanced the fluorescence by blocking the photoin-
duced electron transfer process.

Moreover many common coexisting ions, Na*, K*, Ca**,
Mg2+, Zn2+, Cu2+, CI:H—, C02+, Cd2+, Hg2+, Fez+, Mn2+, Pb2+
and Ni** (150 uM), had negligible influence on the fluores-
cence spectrum of PPBN/Fe** in DMF/H,O (3:1, v/v) (Fi g.2).
This result showed that PPBN had good anti-interference abil-
ity and was a reliable high selectivity and high sensitivity
fluorescent sensor for Fe*”.

Fluorescent Spectra of PPBN Versus Fe**
Concentration

Figure 3 showed the fluorescence spectra of PPBN in DMF/
H,O0 (3/1, v/) with different concentrations of Fe**. It could
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Fig. 2 Effects of coexisting ions on the fluorescence maxima of
PPBN/Fe**. Solvent: DMF/H,O (3/1, v/v), ¢: 10 uM for PPBN,
150 uM for metal ions; A 410 nm, Ag: 530 nm, slit width: 5 nm
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Fig. 3 Fluorescence spectra of PPBN (10 M) with various concentra-
tions of Fe**. Solvent: DMEF/H,0 (3/1, v/v), Aex: 410 nm, Ag: 530 nm, slit
width: 5 nm. From bottom to top, the equiv. of Fe’*:0,1,2,3,4,5,6,7, 8,
9, 10, 11, 12, 13, 14, 15, 16, 17. The insets showed the fluorescence
maxima vs. the concentration of Fe**

be seen that the fluorescence of PPBN gradually increased
with the increase of the Fe** concentration ([Fe**]) till the
[Fe**] reached to 150 uM. Then the fluorescence tended to
be stable. Further, in the range of [Fe’*] 60-140 uM, the
maximal fluorescence intensity of the PPBN/Fe’* solution
(I) presented a good linear relationship with the [Fe’*]. The
linear equation was [=—119,932 + 38,951 [Fe3+], the cor-
relation coefficient (R) was 0.9938. The detection limit
was 81 nM, which was estimated by 3S/k [20] (k is the
slope of the linear equation, S is the standard deviation of
five times blank measurement).

Effect of pH on the Detection

The effect of pH on the maximal fluorescence intensity of
PPBN before and after Fe’* addition were shown in

8.0x10° 1
—ua— PPBN
2?‘ —wv— PPBN/Fe’
'z 5
5 4.0x1071
E
—
o
0.0 *

Fig. 4 Effects of pH on the fluorescence maxima of PPBN (square) and
PPBN/Fe** (triangle). Solvent: DMF/H,0 (3/1, v/v), ¢: 10 uM (PPBN),
150 uM (Fe3+), Aex: 410 nm, Ag: 530 nm, slit width: 5 nm
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Fig. 5 Time response of PPBN to Fe* in DMF/H,0 (3/1, v/v). ¢: 10 uM
for PPBN, 150 uM for Fe**, Aex: 410 nm, Ag: 530 nm, slit width: 5 nm

Fig. 4. As many 4-alkylamino-1,8-naphthylimide sensors,
the fluorescence of PPBN exhibited a typical “acid on-
alkali off” behavior. Within the scope of pH 5.0-8.0, the
maximal fluorescence intensity of the PPBN/Fe’* solu-
tions was greatly stronger than that of the corresponding
PPBN solutions. The result suggested that PPBN could be
used to detect Fe®* in a near neutral pH span (5.0-8.0).

Response Speed

The change of the fluorescence intensity of the PPBN and
PPBN/Fe** solutions with time was exhibited in Fig. 5. The
fluorescence of PPBN solution was at a very low level in 1 h
experimental time. After adding Fe**, the fluorescence of the
solution rose sharply and saturated in about 6 min, and then
stable in 1 h. It was obvious that PPBN responded to Fe**
quickly and reliably.
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Fig. 6 Job’s plot for Fe** versus PPBN. Solvent: DMF/H,O (3:1, vA);
Total concentration ([Fe>*]+ [PPBN]): 10 puM; I and Io: The maximal
fluorescence intensity with and without Fe**, respectively. Aey: 410 nm,
Ar: 530 nm, slit width: 5 nm
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Fig. 7 Reversibility of the interaction between Fe** and PPBN. Solvent:
DMF/H,0 (3/1, vv), c: 10 uM for PPBN, 150 uM for Fe**, 300 uM for
EDTA. Aex: 410 nm, Ag: 530 nm, slit width: 5 nm

Speculation of Sensing Mechanism

In order to explore the sensing mechanism of PPBN for Fe**,
we carried out Job’s plot and reversible experiment. It was
indicated that the fluorescence enhancement got the maximum
when the mole fraction of Fe** was 0.5 (Fig. 6). According to
N = Xpax/(1-Xmax) [21], in which n is the binding ratio of PPBN
and Fe>*, Xy is 0.5, PPBN and Fe** formed a 1:1 complex in
DMF/H,O (3:1, v/v) reversibly. The Fe**-induced fluores-
cence enhancement could be almost completely eliminated
by EDTA (Fig. 7).

The association constant for PPBN and Fe®* was 4.41 x
10> M. It was estimated based on nonlinear fitting (Fig. 8) of
the fluorescence titration data with Benesi-Hildebrand Eq. (1)
[22], Where I, was the fluorescent intensity of PPBN at
530 nm, I and I,,,,, were the values at a certain [Fe’*] and at
a complete-interaction [Fe**]. n was the binding ratio of
PPBN and Fe3+, and K was the association constant.
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Fig. 8 Benesi-Hildebrand plot of PPBN and Fe* in DMF/H,0 (3/1, v/v).

Aex: 410 nm, Ag: 530 nm, slit width: 5 nm
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The complexation between PPBN and Fe** was further
investigated by infrared technology (Fig. 9). Compared to
the infrared spectra of PPBN (Fig. 9a), the peak at
1094 cm ™' and 2845 cm™' weakened remarkably in that of
PPBN/Fe** (Fig. 9b), indicating that the two N atoms of the
piperazine ring might be involved in the complexation and the
CH, groups of the piperazine ring were affected. At the same
time, the peak in 1593 cm ! (aromatic ring) emerged the peaks
in 1694 and 1660 cm™ ' (carbonyl C=0) to produce a strong
and wide peak around 1651 cm ', accompanied by the great
change of the peaks in 1588, 1482 and 1358 cm ' suggested
that the aromatic units especially the pyridine ring was influ-
enced by the complexing.
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Scheme 2 Mechanism for PPBN sensing Fe**

Based on the results of the Job’s plot and reversible exper-
iment as well as the infrared spectra analysis, we speculated
the mechanism for PPBN sensing Fe’* as Scheme 2.

Conclusions

In summary, we disclosed a novel fluorescent sensor for Fe**.
The sensor and all its intermediates could be achieved by mild
reaction and simple post process which afforded the sensor
good practicability. The sensor possessed excellent sensing
performance including high selectivity, distinct fluorescence
enhancement, fast response speed, strong anti-interference
ability, near neutral working pH range, nanomolar detection
limit and recognition reversibility.
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