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Abstract
A novel naphthalene based fluorescence probe NBDH was designed and synthesized. Probe NBDH exhibited highly selective
and sensitive responses towards Al3+ in HEPES-NaOH buffer solution (pH = 7.4). In addition, the detection of NBDH to Al3+

could be achieved through dual channels embodied in significant fluorescent turn-on signal and ratiometric absorbance response.
The stoichiometry ratio ofNBDH-Al3+ was 1:1 by fluorescence job’ plot and binging mechanism was further varified by the FT-
IR, NMR titration and HRMS. Furthermore, NBDH was achieved in real sample detection, and a series of color test paper were
developed for visual detecting Al3+ ions.

Keywords Fluorescence . Naphthalene . Al3 + . Test paper . Ratiometric absorbance

Introduction

Aluminum, the third most abundant metallic element in the
earth, is widely used in industrial production, aeronautical
material and food additives. Moreover, Al3+ ions, the most
common ionic style of aluminum, widespread exist in water
environment and tissues in the body of animals and plants
[1–5]. However, lots of diseases [6–10], such as Alzheimer’s
disease and Parkinson’s disease, amyotrophic sclerosis, mi-
crocytic hypochromic anemia, encephalopathy, dementia and
myopathy, may be derived from the excess level of Al3+ in
human body. So, it is urgent to put indispensable efforts to
develop efficient and convenient approach to detect Al3+ ions.

Fluorescence sensing of specific ions with suitable probes
has attracted keen interest of worldwide researchers because
of its high selectivity, low cost and easy performances
[11–15]. However, the development fluorescence probes for
Al3+ are much more difficult than for other metal ions duo to
the shortcomings of Al3+ in weak ability in coordination, eas-
ier formation of Al(OH)3 in water, and deficiency in spectro-
scopic characteristics [16–18]. Moreover, many Al3+ fluores-
cence probes have been developed with various fluorophores
through different response mechanisms [19–35], but a lot of
them have their limitations either in water solubility or
disturbing by other metal ions, especially the Cu2+ which is
a fluorescent quencher widely reported by many articles. All
of these defects further restricted their application of Al3+

detection in environment and in vivo. Therefore, it is neces-
sarily importance to develop highly selectivity and water sol-
uble fluorescence probes.

Naphthalene fluorophore has been extensively used for the
exploiting fluorescence probes because of its high stability
and quite good water solubility and easy to modification
[36–45]. In addition, schiff base ligand, including the unit (–
C=N–), usually acted as an excellent chelating site in sensing
different metal ions, therefore leading to significant change in
optical signal [46–59]. Taking above statements into consid-
eration, we designed an easy-prepared schiff-based probe
NBDH using the naphthalene as the signaling unit. Probe
NBDH showed distinguished fluorescent turn-on (400-fold)
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to Al3+ and highly selectivity without interference of other
metal ions including the Cu2+ in totally water solution
(pH = 7.4). The interaction mechanism between NBDH and
Al3+ was investigated by the various spectroscopic techniques
including FT-IR, 1H NMR titration and HRMS. Furthermore,
chemosensorNBDHwas achieved in detection of Al3+ in real
water samples, and a colorimetric method on filter paper for
estimating the existence of Al3+ was also investigated.

Experimental

Materials and Reagents

All chemicals and reagents were obtained from commercial
sources and used as received. 1H NMR and 13C NMR spectra
were recorded on a Bruck AV-600 spectrometer using TMS as
the internal standard, and chemical shifts were showed in
ppm. Mass spectra were measured using a Waters Xevo
UPLC/G2-SQ Tof MS spectrometer. The FT-IR spectrum
was recorded on a Perkin-Elmer IR spectrophotometer using
KBr pellet. Melting point was measured with Beijing Taike
melting point apparatus. Fluorescence spectra were measured
on a Perkin Elmer LS55 fluorescence spectrometer.
Absorption spectra were recorded using a Pgeneral TU-2550
UV-vis spectrophotometer.

Stock solution of the NBDH (1 × 10−5 M) and all metal
ions (1 × 10−2 M) (Na+, K+, Ca2+, Mg2+, Ba2+, Cr3+, Mn2+,
Fe2+, Fe3+, Cu2+, Ag+, Co2+, Ni2+, Zn2+, Cd2+, Al3+ and Pb2+)
were prepared in H2Omedium. These resulting solutions were
maintained at room temperature for 5 min, and then the spec-
tral properties were measured. The spectral detected at differ-
ent pH which was adjusted by using 0.1 M NaOH and 0.1 M
HEPES. Both the excitation and emission slits were set at
10 nm. The fluorescence spectrum was obtained by excitation
at 360 nm.

The quantum yield was calculated according to the equa-
tion: ΦF(X) =ΦF(S) (AS FX/AX FS) (nX/nS)

2. Where A is the
absorbance at the excitation wavelength, F is the area under
the corrected emission curve, and n is the refractive index of
the solvents used. Subscripts S and X refer to the standard and
to the unknown, respectively. The fluorescence quantum yield
was determined by using quinine sulfate (ΦF(S) = 0.55) as ref-
erence with the literature method [60, 61].

IR Spectra Measurement of NBDH/Al

To a solution of NBDH (10 μM) in ethanol in a flask,
Al(NO3)3·9H2O (30 μM) was added and stirred for 2 h.
The precipitate was filtrated and dried under IR lamp to
constant weight and their IR spectra were collected by
KBr pallet method.

Synthesis of NBDH

To a solution of 6-Hydroxy-naphthalene-2-carboxylic acid
hydrazide (202 mg, 1 mmol) in ethanol (20 mL) was added
2, 4-dihydroxy-benzaldehyde (138 mg, 1 mmol) in a flask and
refluxed for 6 h. After cooling to room temperature, the pre-
cipitate was filtered and recrystallized from ethanol to get
compound NBDH (225 mg, 70%) as yellow powder [31].
m.p. 298–299. 1H NMR (Fig. S1) (600 MHz, DMSO-d6) δ
(ppm) 11.98 (s, 1H), 11.56 (s, 1H), 10.11 (s, 1H), 9.99 (s, 1H),
8.54 (s, 1H), 8.42 (s, 1H), 7.92 (d, J = 9.0 Hz, 1H), 7.88 (d,
J = 8.4 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 7.31 (d, J = 8.4 Hz,
1H), 7.18–7.20 (m, 2H), 6.37 (d, J = 8.4 Hz, 1H), 6.33 (s, 1H).
13C NMR (Fig.S2) (151 MHz, DMSO-d6) δ (ppm) 163.01,
161.12, 157.64, 149.27, 136.82, 131.82, 131.21, 128.40,
127.42, 127.01, 126.55, 124.81, 120.08, 111.08, 109.22,
108.13, 103.13, 102.99. HRMS: m/z (TOF MS ES−) (Fig.
S3): Calcd. for C18H13N2O4: 321.0875 [NBDH-H+]−, found:
321.0872 (Scheme 1).

Results and Discussion

Fluorescence Studies of NBDH toward Various Metal
Ions

Excellent selectivity to a certain metal ions is the most impor-
tant parameters for fluorescence probes, as a consequence, the
fluorescence response of probe NBDH toward tested ions
(Ag+, Pb2+, Mg2+, Ca2+, Na+, Mn2+, Ba2+, Hg2+, Co2+, Ni2+,
Al3+, Zn2+, K+, Cd2+, Fe3+, Cr3+ and Cu2+) in water solution
(HEPES-NaOH buffer; pH = 7.4) was firstly examined
(Fig. 1). Probe NBDH alone showed weak emission under
neutral water solution (HEPES-NaOH buffer; pH = 7.4) and
the quantum yield was 0.0047, which was attributed to the
cooperation between the photoinduced electrontransfer
(PET) phenomenon induced by the lone pair electron of nitro-
gen atom of Schiff-base (-C=N-) to the naphthalene moiety
and the C=N isomerization process at the excited state [47].
Moreover, upon the addition of tested metal ions, the fluores-
cent spectrum of NBDH solution showed no change except
for the Al3+, which induced a significant intensity enhanced
(400-fold) centered at 460 nm with a high quantum yield of
0.41, and a visible color change from colorless to bright blue
under the ultraviolet lamp (365 nm) at the same time, indicat-
ing the interaction of NBDH with Al3+ and highly selectivity
of NBDH to Al3+.

In order to clarify the quantitative detection ability of
NBDH to Al3+, titration experiment between NBDH and
Al3+ was conducted in HEPES-NaOH buffer solution (pH =
7.4). As shown in Fig. 2, when the gradually addition of Al3+

up to 1.6 equivalent to the solution ofNBDH, the fluorescence
intensity reached saturation, it also revealed that a linear
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relationship of fluorescence intensity at 460 nm with the con-
centration of Al3+ within the range of 3–20 μM (Fig. S4), and
the detection limit was calculated to be 3.24 nM by applying
equation 3σ/k [57].

Considering the significant fluorescence changes of probe
NBDH towards Al3+, the UV-vis absorption spectral of
NBDH with Al3+ (Fig. 3) and with other different metal ions
(Fig. S5) for comparison were further investigated, respective-
ly. NBDH alone showed an absorbance peak at 330 nm in
HEPES-NaOH buffer solution (pH = 7.4) (Fig. 3a).
However, upon progressively addition of Al3+ (0–5 equiv.),
a new peak at 320 nm emerged and increased gradually, and
especially, the maximum absorbance peak of NBDH red
shifted from 330 nm to 375 nm and its intensity increased
gradually, which could be attributed the enhancement of con-
jugation upon the interaction of NBDH with Al3+. More im-
portant, there was a linear relationship between data [(A375-
A320)/A0] calculated by the two absorbance intensity centered
at 375 nm and 320 nm (Fig. S6) and the Al3+ concentration
ranging from 1.5 μM to 17μMwith the detection limit (LOD)
calculated as 24.2 nM (Fig. S7). This result indicated that
NBDH could be used as a ratiometric chemosensor for the
detection of Al3+.

Metal Ions Competition Studies

In order to further estimated the anti-interference performance
of NBDH detection of Al3+ in HEPES-NaOH buffer solution
(pH = 7.4), the fluorescence competition experiments of
NBDH/Al3+ to other metal ions were carried out (Fig. 4).
Usually, the detection of Al3+ was easily interfered by some
metal ions, especially Fe3+ [47, 49], Cu2+ [49, 53] and Cr3+

[56]. However, the result showed that most metal ions actually
caused negligible changes in the fluorescence intensity of
NBDH/Al3+, except for Fe3+, which induced an acceptable
fluorescence quenching of NBDH/Al3+ because the fluores-
cence signal was still strong enough for sensing Al3+. Hence,
this delighting result indicated that the NBDH was a highly
selective probe for the Al3+ detection without disturbance of
other metal ions.

Job’plot

The job’plot was conducted to confirm the binding stoichiom-
etry between probeNBDH and Al3+. The sum concentration of
probe NBDH and Al3+ was constrained at 10 μM. The fluo-
rescence intensity change of NBDH/Al3+ at 460 nm with the

Fig. 1 Fluorescence spectral of
NBDH (10 μM) in the presence
of various metal ions (50 μM) in
HEPES-NaOH buffer solution
(pH = 7.4) (λex = 360 nm). Inset:
Photograph of the fluorescence
change of the solution of NBDH
(10 μM) before and after addition
of Al3+ (50 μM) under UV light
of 365 nm

Scheme 1 Synthesis route of NDBH

J Fluoresc (2019) 29:577–586 579



mole fraction of Al3+ within the range of 0 to 0.9 was measured
(Fig. 5). Maximum fluorescence intensity at 460 nm reached at
0.5 of mole fraction ([Al3+]/[NBDH +Al3+]), indicating a 1:1
binding mode for NBDH/Al3+ complex. Moreover, according
to the Benesi-Hildebrand plot [56, 57], the association constant
of probe NBDH for Al3+ was confirmed to be 6.30 × 104 M−1

(Fig. S8) and 1.82 × 104 M−1 (Fig. S9), which were calculated
based on the fluorescence titration data and the absorbance
titration data, respectively.

Effect of pH and Time

In order to estimate whether probe NBDH has a good perfor-
mance for sensing Al3+ in water solution, the pH effect on the

fluorescence response of probe NBDH toward Al3+ with the
pH range from 2.0 to 12.0 was investigated (Fig. S10). It
showed that there was nearly no fluorescence emission of free
probeNBDH solution under the condition of in the pH <4.0 or
pH >7.0. However, probe NBDH solution exhibited a prom-
inent response in the presence of Al3+ in the range of pH = 7–
8. The result indicated that probe NBDH could be used an
ideal Al3+ probe in physiological condition.

In addition, the time-dependent response assay was carried
out to investigate the fluorescence and absorbance of NBDH
with the addition of Al3+. The result showed that a stable
response ofNBDHwith Al3+ was obtained at maximumwith-
in less 5 min (Fig. S11). Once a plateau was attained, both the
intensity of fluorescence and absorbance were maintained

Fig. 2 Fluorescence spectra of
probe NBDH (10 μM) towards
different concentrations of Al3+ in
HEPES-NaOH buffer solution
(pH = 7.4), (λex = 360 nm). Inset:
Fluorescence intensity at 460 nm
versus the number of equiv. of
Al3+ added, (λex = 360 nm)

Fig. 3 a UV-vis absorption spectral change of NBDH (10 μM) in
presence of five equivalent amount of Al3+ in HEPES-NaOH buffer
solution (pH = 7.4); b UV-vis absorption of probe NBDH (10 μM)

towards different concentrations of Al3+ in HEPES-NaOH buffer
solution (pH = 7.4). Inset: Absorbance intensity at 375 nm versus the
number of equiv. of Al3+ added
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relatively stable for the measurement, indicating that NBDH
exhibits good photostability.

Study on Response Mechanism

Mass Spectrometry Analysis

To further confirm the formation of coordinated complex be-
tween the probeNBDH and Al3+, the mass spectrometry anal-
ysis that NBDH (10 mM) in presence 3 equiv. Al3+ in the
solution of ethanol solution were carried out. The HRMS

spectrum exhibited peaks at m/z 411.1122, m/z 425.1280
and m/z 439.1074 were corresponded to [NBDH-2H++
Al3++C2H5OH + H2O]

+ (calcd. m/z: 411.1137), [NBDH-
2H++Al3++C2H5OH +CH3OH]

+ (calcd. m/z: 425.1293) and
[NBDH-2H++Al3++2C2H5OH]+ (calcd. m/z: 439.1450)
(Fig. 6), respectively.

FT-IR Spectral and 1H NMR Titration Experiments

The evidence for the NBDH/Al3+ coordination was obtained
from FT-IR spectral data exhibited in Fig. S12. Compared

Fig. 4 Fluorescence intensity at
460 nm of NBDH (10 μM) upon
addition of various metal ions
(50 μM) in the presence Al3+

(50 μM) in HEPES-NaOH buffer
solution (pH = 7.4), (λex =
360 nm)

Fig. 5 Job’s plot of the
complexation between NBDH/
Al3+

J Fluoresc (2019) 29:577–586 581



with the IR spectra ofNBDH itself, the peak at 3180 cm−1 (O-
H) shifted to 3090 cm−1 (O-H), peak at 1618 cm−1 (C=O)
changed into weak absorbance and shifted to 1623 cm−1,
and peak at 1496 cm−1 (C=N) remarkably shifted to
1348 cm−1 in the FT-IR spectra of NBDH/Al3+. Moreover,
the bands at about 795 and cm−1 598 cm−1 were assigned to
(Al-O)[[46] and (Al-N),[[53] respectively. The above results in-
dicated that the O atom and N atom of enolization of amide
group (-CONH-) and the two imide N atoms may be involved
in the coordination ofNBDHwith Al3+. In order to make clear

binding sites of NBDH with Al3+, 1H NMR titration experi-
ments were carried out, and the results were depicted in Fig. 7.
Upon the addition of Al3+, the proton signals of amide group
(Hb) and hydroxy group (Hd) were all disappeared, indicated
the occurrence of deprotonation during the process of coordi-
nation with Al3+, which further supported the result concluded
by FT-IR spectral.

According to the above results, the proposed sensingmech-
anism of NBDH to Al3+ was illustrated in scheme 2.
Moreover, comparison of NBDH with some reported Al3+
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fluorescent probes was summarized in Table 1. Compared
with the similar naphthalene Schiff’s base sensor [25, 39–42,
59], the interesting factors of NBDH was its absolute solubil-
ity in water and lower detection limit.

Applications

Detection of Al3+ in Real Water Samples

In order to estimate the practicability ofNBDH, the amount of
Al3+ in real water samples obtained from our campus was
detected, and the results were listed in Table 2. The data
showed a good agreement between the added and the found

concentration of Al3+. Moreover, real environmental aqua ob-
jects in Songhua River were further detected, and the results
showed that a linear relationship of fluorescence intensity at
460 nmwith the concentration of Al3+ within the range of 10–
50 μM (Fig. S13-S14). Therefore, the above results indicated
that NBDH can be competent for Al3+ detection in environ-
mental analysis.

Detection of Al3+ on Test Paper

In order to development of portable and convenient method to
detection of Al3+, the test paper experiment was conducted.
The test paper was immersed in different concentration

Table 1 Comparison of different properties of NBDH with recently reported fluorescent probes for Al3+

Ref. Methods of detection Detection
Medium

LOD Binding
Constants

Mechanism pH range Application

[25] Fluorescent (turn on) CH3OH/H2O (7:3) 1.0 × 10−7 M 1.83 × 105 M-1/2 ICT, CHEF and
C=N isomerization

6–8 Cell imaging

[39] Fluorescent (turn on) H2O 4.3 × 10−6 M 5.17 × 104 M−1 PET and ESIPT NR NR

[40] Fluorescent (turn on) DMF/H2O (99:1) 4 × 10−6 M 4 × 103 M−1 PET and ESIPT NR NR

[42] Fluorescent (turn on) C2H5OH/H2O (1:1) 3.7 × 10−7 M 7.62 × 106 M−1 CHEF NR Cell imaging

[43] Fluorescent (turn on) C2H5OH/H2O (95:5) 1.08 × 10−7 M 6.53 × 103 M−1 PET 2–7 Cell imaging

[52] Fluorescent (turn on) CH3OH/H2O (9:1) 1.62 × 10−6 M 9.9 × 103 M−1 CHEF 6.5–10 Cell imaging

[53] Fluorescent (turn on) C2H5OH/H2O (3:1) 3.48 × 10−8 M 1.30 × 104 M−1 PET and C=N
isomerization

4–11 Cell imaging
Soild state probe

[54] Fluorescent (turn on) DMF/H2O (4:1) 3.9 × 10−7 M 8.5 × 105 M−1 AIE NR Real sample

[55] Fluorescent (turn on) CH3OH/H2O (9:1) 1.34 × 10−6 M 1.06 × 104 M−1 CHEF 7–11 Cell imaging

[56] Fluorescent (turn on) CH3CN 3.1 × 10−7 M 5.44 × 104 M−1 ESIPT and C=N
isomerization

8.5 NR

[57] Fluorescent (turn on) CH3OH 8.08 × 10−8 M 1.57 × 105 M−1 ICT and ESIPT NR Cell imaging

[59] Fluorescent (turn on) DMF/H2O (1: 9) 1.92 × 10−7 M 6.6 × 104 M−1 ESIPT and CHEF 4–8 Cell imaging

This work Ratiometric absorbance
Fluorescent (turn on)

H2O 2.42 × 10−8 M 1.57 × 104 M−1 PET and C=N
isomerization

7–8 Real sample

3.24 × 10−9 M 6.30 × 104 M−1 Test paper

LOD The limit of detection, NR Not reported in the corresponding paper

J Fluoresc (2019) 29:577–586 583
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NBDH (10−5 M, 5 × 10−5 M and 10−4 M) ethanol solution
containing different Al3+ (1–2 equiv.) and then dried in air.
As shown in Fig. 8, both the visual color change (from color-
less to yellow) and fluorescence color change (from green to
blue) under ultraviolet lamp (365 nm) were clearly observed.
Hence, this test paper, detection Al3+ using colorimetric meth-
od by naked eye, has potential application in environmental
monitoring.

Conclusions

In conclusion, an excellent naphthalene-based probe NBDH
was designed and synthesized. It can be achieved in fluores-
cent Bturn-on^ and ratiometric detection of Al3+ in HEPES/
NaOH buffer (pH = 7.4) based on coordinated effects of PET
and the inhibition of C=N isomerization. The coordination
mode of NBDH/Al3+ was confirmed 1:1 by job’ plot, FT-IR,
1H NMR and HRMS. Furthermore, NBDH was successfully
applied in test paper for the colorimetric detection Al3+.
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