
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
0/

20
/2

02
5 

12
:2

3:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A novel and simp
Department of Applied Chemistry, School of

710049, China. E-mail: zzlinda@mail.xjtu.

29 82663914

† Electronic supplementary information
spectroscopic data. See DOI: 10.1039/c7ra

Cite this: RSC Adv., 2017, 7, 14742

Received 8th February 2017
Accepted 28th February 2017

DOI: 10.1039/c7ra01620d

rsc.li/rsc-advances

14742 | RSC Adv., 2017, 7, 14742–14751
le solvent-dependent fluorescent
probe based on a click generated 8-
aminoquinoline–steroid conjugate for multi-
detection of Cu(II), oxalate and pyrophosphate†

Zhen Zhang,* Yuan Zou and Chengquan Deng

In this work, a novel and simple deoxycholic acid-based fluorescent probe for solvent-dependent multi-

detection of Cu2+, C2O4
2� and P2O7

4� has been facilely constructed by click chemistry. This probe

displayed sensitive recognition toward Cu2+ in low-water-content CH3CN aqueous solution (CH3CN–

H2O, 99/1, v/v) via strong fluorescence quenching. Whereas, in DMSO–H2O medium (1/1, v/v), it

exhibited significant fluorescent enhancement for C2O4
2� and P2O7

4� over a wide range of tested

anions. Moreover, with low detection limits and fast response time, the developed fluorescent molecule

was used successfully for analysis of the target ions on test paper strips and in water samples.
Introduction

The development of effective uorescent probes for the detec-
tion of small cations, anions, and neutral molecules is of great
interest and signicance because of the vital roles of these
species in biological, medical and environmental processes.1–3

Conventionally, to obtain an excellent uorescent probe, high
selectivity for one analyte should be given priority in the tradi-
tional sensor design. However, the applications of these single-
selective uorescent molecules are frequently limited by their
simple recognition properties resulting from the notable back-
ground interference in complicated real samples. Therefore,
multi-analyte uorescent probes, which can be regulated to
bindmore than one guest species with distinct spectral changes
in different media based upon a single host, have gradually
become an intriguing and promising research focus during the
past few years.4–17 Undoubtedly, this innovative transformation
from specic to differential detection with a multi-functional
probe by varying the compositions of solvent would simplify
the analysis work and reduce the cost of synthesis. At present,
nding novel and simple solvent-dependent uorescent probes
for multi-analyte detection is still one of the most challenging
tasks.

Copper ion (Cu2+) is an essential trace element in human
body and serves as an important catalytic cofactor in a variety of
fundamental physiological processes owing to its unique redox-
active nature.18 The levels of Cu2+ are rmly controlled in
Science, Xi'an Jiaotong University, Xi'an

edu.cn; Fax: +86 29 82668559; Tel: +86

(ESI) available: Experimental and
01620d
biological systems, as its disorders can interfere in cellular
metabolism and cause many neurodegenerative diseases.19–21 In
addition, Cu2+ is also considered as a serious pollutant in the
natural environment on account of its high toxicity. Oxalate
(C2O4

2�) is abundantly present in nature as an important
nutrient found in the human diet.22 And it is also a primary
chelator of calcium ions and forms insoluble chelates with
dietary calcium, which inhibits calcium absorption in the body
and is nally accumulates in the renal tissue, thus inducing
renal injury, kidney lesions and pancreatic insufficiency.23,24 As
an essential anion for normal cellular function, pyrophosphate
(P2O7

4�) involves in many crucial biochemical pathways, such
as DNA and RNA polymerizations, cellular ATP hydrolysis and
energy storage and transmission.25 The difference in P2O7

4�

concentrations is also related to blood-clotting, telomerase
activity and calcium pyrophosphate dihydrate crystal deposition
disease, and therefore can be used as a potential indicator in
clinical diagnosis.26,27 Moreover, P2O7

4� is one of the major
phosphorus pollutants due to its wide application in our daily
lives. Consequently, the development of uorescent probes for
the facile detection of Cu2+, C2O4

2� and P2O7
4� is very impor-

tant to control their concentration levels in the biosphere and
avoid severe damage to humans.

Although a number of dual functional uorescent probes for
Cu2+/C2O4

2� and Cu2+/P2O7
4� have been developed,28–38 these

chemosensors for anions are always based upon the use of
metal complex receptors, especially dinuclear Cu2+ complex, or
the metal displacement approaches. Using these indirect
sensing out-put methods, the detection of C2O4

2� or P2O7
4� is

very much dependent on the design of an appropriate metal
coordinative complex and the affinity of the metal ion for its
complementary anion, which could be affected by various
This journal is © The Royal Society of Chemistry 2017
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factors and is less easily realizable. Besides, compared to
P2O7

4�, limited uorescent probes for C2O4
2� have been re-

ported.28–30,39–41 Overcoming these problems in the development
of novel and simple solvent-dependent uorescent probes that
can exhibit differential optical responses in different solvent
media for simultaneous and multiple detection of Cu2+, C2O4

2�

and P2O7
4� is highly desirable.

In this work, we demonstrated that a new and uncompli-
cated tweezer-type molecule 1 containing deoxycholic acid, 8-
aminoquinoline and 1,2,3-triazole moieties could be employed
as a multifunctional uorescent probe for monitoring Cu2+,
C2O4

2� and P2O7
4� in two different solvents. As a natural

product in the steroid family, deoxycholic acid can provide an
ideal scaffold for receptors with its rigid framework and easily
chemically-modied functional groups.42 And 8-aminoquino-
line and its derivatives are well-known excellent building blocks
for constructing highly selective uorescent sensors of transi-
tion metal cations.36,43–46 Meanwhile, the bridging 1,2,3-triazole
group was introduced via click chemistry in order to offer not
only a straightforward strategy for the linkage of various func-
tionalities, but also a potential binding site for both metal ions
and anions,47,48 which is very benecial for multi-target analysis.
Bearing these considerations in mind, uorescent probe 1 was
facilely synthesized by the Cu(I)-catalyzed 1,3-dipolar cycload-
dition between steroidal diazides (2) and quinoline terminal
alkyne (3) (Scheme 1). All the intermediates and probe 1 were
well characterized (Fig. S1–S5†). The spectroscopic properties
illustrated that this easily available uorescent probe could
propose a simple and sensitive solvent-dependent assaymethod
with low detection limits and fast response time for multi-
detection. Probe 1 displayed strong uorescence quenching
upon binding to Cu2+ in acetonitrile (CH3CN) and water, and at
the same time it exhibited remarkable uorescence enhanced
response toward C2O4

2� and P2O7
4� in the dimethyl sulfoxide

(DMSO) aqueous solution. The practical analytical utility of the
probe was also validated to determine Cu2+, C2O4

2� and P2O7
4�

on test paper strips and in water samples.
Experimental
Materials and apparatus

All chemicals were of analytical grade or higher, obtained from
commercial suppliers and used without further purication.
Scheme 1 The synthetic route of probe 1.

This journal is © The Royal Society of Chemistry 2017
Column chromatography and thin layer chromatography were
performed on silica gel (200–300 mesh) and silica gel GF254
plates, respectively. Deionized water was used for all aqueous
solutions. Hydroxyethyl piperazine ethanesulfonic acid (HEPES)
and sodium hydroxide were used to prepare buffer solutions.
The metal ion solutions were prepared from their chloride or
nitrate salts. The anion solutions were prepared from their
quaternary ammonium or sodium salts.

Nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Advance III 400 spectrometer. High resolution
electrospray ionization mass spectrometry (HR-ESI-MS) spectra
were measured on a Bruker micrOTOF-Q II mass spectrometer.
Fluorescence spectra were obtained on a Hitachi F-2700 uo-
rescence spectrophotometer under 350 nm excitation with both
excitation and emission slit widths set at 5 nm. The photo-
multiplier voltage was 700 V. Ultraviolet-visible (UV-vis)
absorption spectra were collected on a Shimadzu UV-2700 UV-
vis spectrophotometer. All pH measurements were conducted
with a Mettler Toledo SG2 pH meter.
Synthesis of probe 1

Compound 2 was synthesized according to the previous ref. 49.
1H NMR (400 MHz, CDCl3): d (ppm) 0.74 (s, 3H, 18-CH3), 0.81 (d,
3H, 21-CH3), 0.92 (s, 3H, 19-CH3), 3.65 (s, 3H, OCH3), 3.83 (s,
2H, –COCH2), 3.88 (d, 2H, –COCH2), 4.81 (m, 1H, 3-CH), 5.25
(br, 1H, 12-CH).

Compound 3 was synthesized according to the previous ref
50. 1H NMR (400 MHz, CDCl3): d (ppm) 2.26 (s, 1H, ^CH), 4.17
(s, 2H, –CH2–), 6.43 (br, 1H, –NH–), 6.82 (d, 1H), 7.15 (d, 1H),
7.37 (m, 1H), 7.44 (m, 1H), 8.06 (d, 1H), 8.75 (d, 1H).

Synthesis of 1. To a solution of compound 2 (372 mg, 0.65
mmol) and compound 3 (260 mg, 1.43 mmol) in tert-butanol (30
mL) and water (2 mL), CuCl2$2H2O (16.6 mg, 0.098 mmol) and
sodium ascorbate (77.3 mg, 0.39 mmol) were added. The
resulting mixture was stirred at 65 �C for 7 h. Then the solvent
was evaporated under vacuum. The residue was dissolved in
dichloromethane (50 mL) and washed with saturated brine (3 �
50 mL). Aer being dried over anhydrous magnesium sulphate
and ltered, the organic layer was condensed to dryness. The
crude product was puried by column chromatography
(dichloromethane–ethanol, 15/1, v/v) to afford 1 as a light yellow
solid (316 mg, yield 52%). 1H NMR (400 MHz, CDCl3): d (ppm)
0.66, 0.83 (2 � s, 2 � 3H, 18, 19-CH3), 0.74 (d, 3H, 21-CH3), 3.63
RSC Adv., 2017, 7, 14742–14751 | 14743
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(s, 3H, –COOCH3), 4.60 (s, 2H, –COCH2–), 4.70 (m, 3H, 3-H,
–COCH2–), 5.09 (m, 5H, –NHCH2–, 12-H), 6.67 (d, 1H), 6.75 (d,
1H), 7.04 (m, 2H), 7.33 (m, 4H), 7.61, 7.65 (2 � s, 2 � 1H,
triazole-H), 8.01 (m, 2H), 8.64, 8.68 (2 � dd, 2 � 1H). 13C NMR
(100 MHz, CDCl3): d (ppm) 12.1, 17.6, 22.6, 23.1, 25.2, 25.7, 26.0,
26.5, 27.1, 30.6, 30.8, 31.5, 33.7, 33.9, 34.4, 34.5, 35.2, 39.39,
39.43, 41.4, 44.9, 47.3, 49.2, 51.1, 51.4, 76.5, 78.3, 105.15, 105.24,
114.5, 114.6, 121.37, 121.42, 123.0, 123.3, 127.6, 127.7, 128.50,
128.51, 136.0, 137.98, 138.04, 143.97, 143.99, 146.6, 146.86,
146.89, 165.3, 165.9, 174.5. HR-ESI-MS m/z [M + H]+ calcd for
C53H65N10O6

+ 937.5089, found 937.5073; [M + Na]+ calcd for
C53H64N10NaO6

+ 959.4908, found 959.4882.
General methods for spectroscopic analysis

A stock solution of probe 1 (1 mM) was prepared in CH3CN or
DMSO, respectively. Metal ion solutions (50 mM) and anion
solutions (20 mM) were prepared in deionized water. Buffer
solution for tests was HEPES (10 mM). For determination of
spectroscopic properties, probe 1 stock solution (1.0 mM),
appropriate aliquots of organic solvent and each analyte stan-
dard solution were transferred into a microtube by a pipette and
then diluted with HEPES (10 mM). All spectroscopic measure-
ments were carried out at 25 �C with samples placed in a 1 cm
path-length quartz cuvette. The relative uorescence quantum
yields for probe 1 and complexes emission in different solvents
were measured using anthracene (F ¼ 0.36, in cyclohexane) as
the quantum yield standard.51
Determination of the detection limit and the association
constant

The detection limit was calculated from the following equation
based on uorescence titration52:

Detection limit ¼ 3Sd/k

Sd is the standard deviation of blank measurements without ion
tested and k is the slope between the uorescence intensity at
the maximum emission wavelength versus ion concentration.
The uorescence intensity of the blank probe 1 (20 mM) was
measured 6 times.

The association constant (Ka) of probe 1 with ion tested was
calculated from the Benesi–Hildebrand equation53:

1

F � F0

¼ 1

Ka �
�
Feq � F0

�� C
þ 1

Feq � F0

F is the uorescence intensity at a given ion concentration, F0 is
the uorescence intensity in the absence of ion, and Feq is the
equilibrium uorescence intensity. C is the concentration of ion
added. The association constant value was determined graphi-
cally by plotting 1/(F � F0) against 1/C.
Fig. 1 (a) Fluorescence spectra of probe 1 (20 mM) with different metal
ions (100 mM) in CH3CN–H2O (99/1, v/v, 10 mM HEPES, pH 7.2). lex ¼
350 nm. Inset: fluorescence intensity of probe 1 at 470 nm with
different metal ions. (b) Photographs of probe 1 (100 mM) with different
metal ions (200 mM) in CH3CN–H2O (99/1, v/v, 10 mM HEPES, pH 7.2)
taken under 365 nm illumination.
Practical application experiments

Test paper strips were prepared by immersing normal lter
papers into a solution of probe 1 (1 mM) in CH3CN or DMSO
and dried in air. Then the test strips were immersed into the
14744 | RSC Adv., 2017, 7, 14742–14751
solutions containing different concentrations of ion tested and
dried in air.

Tap water samples from different sources were freshly
collected and passed through a microltration membrane
before use. Prior to detection, the uorescence intensity of the
probe system at the maximum emission wavelength in the
presence of various concentrations of ion tested was quantied
under the optimized uorescence titration conditions, and the
corresponding plots were prepared as the standard curves. Then
samples spiked with different concentrations of ion were
quantied under the same detection conditions by tting to the
standard curves.

Results and discussion
Spectral studies of probe 1 with metal ions

First, probe 1 having nitrogen atoms of triazoles and amino-
quinolines with several lone pair electrons could coordinate
with metal ions, so the binding properties of probe 1 toward
various metal ions, including Cu2+, Fe2+, Zn2+, Ag+, Hg2+, K+,
Mg2+, Al3+, Na+, Cr3+, Ca2+, Cd2+ and Pb2+, were studied by
uorescence measurement. As shown in Fig. 1a, the free probe
displayed an evident emission peak with the maximum inten-
sity at around 470 nm (F ¼ 0.036) in CH3CN–H2O (99/1, v/v,
This journal is © The Royal Society of Chemistry 2017
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10 mM HEPES, pH 7.2), which are characteristics of the 8-
aminoquinoline moiety. Upon the addition of 5.0 equivalent of
Cu2+ into the solution of probe 1, remarkable emission
quenching was observed, while only slight decrease or
a minimal change was detected for other tested metal ions
under the identical conditions. The selective binding behavior
of probe 1 for Cu2+ was also conrmed by the visual emission
picture taken under 365 nm light, in which the solution color of
the probe was quenched evidently from bright blue to dark
black only in the presence of Cu2+ (Fig. 1b). The high selectivity
might be attributed to the nice binding pocket for Cu2+ provided
by triazole and aminoquinoline moieties.

During Cu2+ titration, a gradual decrease in the emission
intensity of probe 1 solution could be visible and reached
a minimum aer adding 5.0 equivalent of Cu2+. The observed
emission maximum at 470 nm was nearly proportional to the
Cu2+ concentration (0–5.0 equivalent), and the equilibrium
uorescence intensity was quenched about 93% of the original
data (Fig. 2). The uorescence quenching was attributed to the
formation of the probe 1–Cu2+ complex, resulting in the metal-
Fig. 2 (a) Fluorescence spectra of probe 1 (20 mM) with different levels
of Cu2+ (from top to bottom: 0, 3, 7, 10, 20, 30, 50, 70, 100, 150, 200,
250, 350 and 400 mM) in CH3CN–H2O (99/1, v/v, 10 mM HEPES, pH
7.2). lex ¼ 350 nm. Inset: fluorescence intensity changes of probe 1 at
470 nm as a function of the whole range of Cu2+ concentration tested.
(b) Fluorescence intensity changes of probe 1 at 470 nm as a function
of the Cu2+ concentration from 0 to 100 mM.

This journal is © The Royal Society of Chemistry 2017
to-ligand charge transfer upon excitation.54 In this case the
results are as expected because the d9 electron conguration of
Cu2+ usually produces a chelation enhancement of quenching
(CHEQ) effect during its metal complex formation.55 The UV-vis
absorption spectrum of probe 1 was characterized by two typical
absorbance bands of aminoquinoline centered at 255 (3 ¼
54150 M�1 cm�1) and 355 nm (3 ¼ 12950 M�1 cm�1) before
titration in CH3CN–H2O (99/1, v/v, 10 mM HEPES, pH 7.2).
When Cu2+ was successively introduced, there was a blueshi
from 255 to 230 nm, while the absorption at 355 nm gradually
increased and remained constant up to the addition of 5.0
equivalent of Cu2+ (3 ¼ 25500 M�1 cm�1), and a clear isosbestic
point was observed at 266 nm. These results suggested that
ametal complex was generated from the binding of probe 1with
Cu2+ (Fig. S6†). The absorption spectra of the probe were also
investigated with the aforementioned competing metal ions
under the same conditions, but only slight changes were
noticed, which manifested again the selectivity of probe 1
toward Cu2+ (Fig. S7†).

Job's plot experiments were carried out to determine the
binding stoichiometry of probe 1 and Cu2+ under a xed total
concentration. Represented in Fig. 3a, a maximum value was
Fig. 3 (a) Job's plot from the fluorescence spectra of probe 1 and
Cu2+ with a total concentration of 100 mM. lex ¼ 350 nm. (b) Benesi–
Hildebrand plot from the fluorescence titration data of probe 1 (20 mM)
with Cu2+. The fluorescence intensity was monitored at 470 nm.

RSC Adv., 2017, 7, 14742–14751 | 14745
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Fig. 4 (a) Fluorescence spectra of probe 1 (20 mM) with different
anions (30 mM) in DMSO–H2O (1/1, v/v, 10 mM HEPES, pH 7.2). lex ¼
350 nm. Inset: fluorescence intensity of probe 1 at 464 nm with
different anions. (b) Photographs of probe 1 (10 mM) with different
anions (30 mM) in DMSO–H2O (1/1, v/v, 10 mM HEPES, pH 7.2) taken
under 365 nm illumination.
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obtained when the molar fraction of probe 1 was 0.5, revealing
a 1 : 1 ratio for the 1–Cu2+ complex. Based on the Benesi–Hil-
debrand method, the association constant (Ka) of probe 1 with
Cu2+ was calculated to be 3.28 � 103 M�1 (Fig. 3b). The detec-
tion limit of molecule 1 as a uorescent probe for testing Cu2+

was determined to be 0.12 mM by using 20 mM probe 1 in uo-
rescence titration, which is reasonable for the analysis of
micromolar concentrations of Cu2+.

Solvent greatly affected the uorescence emission properties
of the probe and its response to Cu2+. To obtain a suitable
testing medium, the uorescence emission spectra of probe 1
with Cu2+ were investigated in different solvents, including
methanol, ethanol, N,N-dimethylformamide (DMF), DMSO and
CH3CN. Interestingly, when CH3CN was used as the solvent,
obvious and steady uorescence quenching signals could be
detected. In addition, the uorescence response of probe 1 in
the absence and presence of Cu2+ was found to be dependent on
the ratio of CH3CN to water (Fig. S8†). In low-water-content
CH3CN-buffer media, the probe itself gave strong uorescent
signals and efficient uorescence quenching could be observed
with the presence of Cu2+. To get a better detection sensitivity
and solubility of metal ion, here a CH3CN–H2O solution (99/1, v/
v, 10 mM HEPES, pH 7.2) was chosen as the testing system to
investigate the spectral characteristics of probe 1 with Cu2+. The
pH titration of probe 1 was performed to determine a suitable
pH range for Cu2+ sensing (Fig. S9†). The results indicated that
high-efficiency uorescence quenching of probe 1 by Cu2+ was
obtained in the tested pH range of 4.0–7.2, but the spectral
response toward Cu2+ declined with the increasing pH values as
a result of the hydrolysis of metal ion in basic solution. A time
course study revealed that the recognizing process could
complete immediately aer the addition of Cu2+ (Fig. S10†).
This feature of fast detection of Cu2+ is particularly favorable in
practical application.
Spectral studies of probe 1 with anions

On the other hand, probe 1 having protons of acetyl methylenes,
triazole rings and –NH in aminoquinolines made a very favor-
able platform for hydrogen bonding interactions with anions,
which might change its electronic properties giving rise to an
alteration of the emission properties. Hence, the recognition
abilities of probe 1 toward different anions, containing C2O4

2�,
P2O7

4�, F�, Cl�, Br�, I�, AcO�, H2PO4
�, HSO4

�, NO3
�, CO3

2�,
N3

�, S2�, SCN� and ClO4
�, were examined by uorescence

spectroscopy. As depicted in Fig. 4a, in DMSO–H2O (1/1, v/v,
10 mM HEPES, pH 7.2), the probe itself exhibited a character-
istic emission band of 8-aminoquinoline centered at 464 nm
with weaker uorescence intensity (F ¼ 0.024) than in CH3CN–
H2O (99/1, v/v, 10 mMHEPES, pH 7.2). While upon the addition
of 1.5 equivalent of C2O4

2� or P2O7
4� into the solution of probe

1, great uorescence enhancement could be detectable. For
other tested anions, no obvious uorescence changes were
observed under the identical conditions. The selectivity of probe
1 for C2O4

2� and P2O7
4� was further identied by the visual

emission picture taken under 365 nm light, in which the probe
showed notable turn-on responses only in the presence of
14746 | RSC Adv., 2017, 7, 14742–14751
C2O4
2� and P2O7

4� (Fig. 4b). We believe that these results are
related to the combined effects of both basicity and size or
shape of the anions. For probe 1, the selectivity might be due to
its relatively exible and well matched binding pocket, in which
acetyl methylene protons, triazole ring protons and –NH
protons of aminoquinoline could make favorable hydrogen
bonding interactions with C2O4

2� and P2O7
4�.

In the uorescence titration proles (Fig. 5), a gradual
increase in the emission intensity of probe 1 solution could be
observed with increasing C2O4

2� or P2O7
4� concentration until

3.5 equivalent of anion added. The emission maximum at
464 nm increased linearly with the addition of C2O4

2� (0–1.5
equivalent) or P2O7

4� (0–2.5 equivalent), and the equilibrium
uorescence intensity was increased 4.5 and 3.8 fold respec-
tively. For probe 1, the pre-organized tweezer-type scaffold with
triazole rings and 8-aminoquinoline moieties might lead to the
formation of a perfect hydrogen bonding cavity for accommo-
dating C2O4

2� or P2O7
4�. The strong complexation between the

oxygen atoms of the tested two anions and the –NH groups of
quinoline parts could enhance the N–H.O hydrogen bonding
interaction, which resulted in the inhibition for the photo
induced electron transfer (PET) process from the attached
amino group to the excited singlet state of quinoline. Conse-
quently, the uorescence of the probe increased as the
concentration of the tested anions was increased. With regard
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Fluorescence spectra of probe 1 (20 mM) with different levels of (a) C2O4
2� (from bottom to top: 0, 4, 7, 10, 15, 20, 25, 30, 40, 50, 70, 100,

150, 200 and 250 mM) and (c) P2O7
4� (from bottom to top: 0, 4, 7, 10, 20, 30, 50, 70, 100, 150, 200 and 250 mM) in DMSO–H2O (1/1, v/v, 10 mM

HEPES, pH 7.2). lex ¼ 350 nm. Inset: fluorescence intensity changes of probe 1 at 464 nm as a function of the whole range of C2O4
2�/P2O7

4�

concentration tested. Fluorescence intensity changes of probe 1 at 464 nm as a function of (b) the C2O4
2� concentration from 0 to 30 mM and (d)

the P2O7
4� concentration from 0 to 50 mM.
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to the free probe, 11-fold and 4.2-fold quantum yields were
found for the detection of C2O4

2� (F ¼ 0.26) and P2O7
4� (F ¼

0.10) respectively. The big difference in quantum yield can be
used to discriminate these two tested anions from each other.
But, unlike the interaction between probe 1 and metal ions, no
signicant changes were observed in the bands of the absorp-
tion spectra of the probe aer adding all the above-mentioned
tested anions (Fig. S11 and S12†).

Job's plot experiments were carried out to determine the
binding stoichiometry of probe 1 with C2O4

2� or P2O7
4� under

a constant total concentration. As shown in Fig. 6a and c,
a maximum value was obtained when the molar fraction of
probe 1 was 0.5, indicating that 1 : 1 stoichiometric complex-
ation of the probe with C2O4

2� or P2O7
4� was formed,

respectively. Based on the uorescence titration data, the
association constant (Ka) of probe 1 for C2O4

2� or P2O7
4� was

calculated by the Benesi–Hildebrand expression, and deter-
mined to be 2.23 � 104, and 4.96 � 104 M�1, respectively
(Fig. 6b and d), indicating that the probe had high binding
affinities for these two anions. The detection limits of mole-
cule 1 as a uorescent probe for the analysis of C2O4

2� and
This journal is © The Royal Society of Chemistry 2017
P2O7
4� were calculated and found to be 0.28 and 0.55 mM,

respectively, by using 20 mM probe 1 in uorescence titration,
which are appropriate for the detection of micromolar
concentrations of these two ions.

To obtain suitable testing media, the uorescence emission
spectra of probe 1 with C2O4

2� or P2O7
4� were investigated in

different solvents, including methanol, ethanol, DMF, DMSO,
CH3CN and aqueous solutions of these organic solvents.
Although most of the anion recognition process was observed
in non-aqueous and aprotic solvents, the results indicated that
high signal turn-on ratios and better sensitivity could be ob-
tained when the spectral properties of probe 1 with the tested
two anions were investigated in an optimized mixture of
DMSO–H2O (1/1, v/v, 10 mM HEPES, pH 7.2) (Fig. S13†). The
appropriate-water-content system might be able to improve
the sodium salts solubility of the tested anions. The pH titra-
tion of probe 1 was performed to determine suitable pH ranges
for C2O4

2� and P2O7
4� sensing. As depicted in Fig. S14,† high-

efficiency uorescence enhancement of probe 1 by C2O4
2�

or P2O7
4� was observed in the tested pH range of 7.0–8.0.

Time course studies revealed that the recognizing processes
RSC Adv., 2017, 7, 14742–14751 | 14747
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Fig. 6 Job's plot from the fluorescence spectra of (a) probe 1 and C2O4
2� with a total concentration of 100 mM, and (c) probe 1 and P2O7

4� with
a total concentration of 50 mM. lex¼ 350 nm. Benesi–Hildebrand plot from the fluorescence titration data of probe 1 (20 mM) with (b) C2O4

2� and
(d) P2O7

4�. The fluorescence intensity was monitored at 464 nm.

Fig. 7 (a) Partial 1H NMR spectra of probe 1 (10 mM) measured
before and after addition of Cu2+ (0.1 equivalent) in CD3CN–D2O
(99/1, v/v). (b) The proposed binding mode between probe 1 and
Cu2+.
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could complete immediately aer the addition of C2O4
2� or

P2O7
4� (Fig. S15†). The features of fast detection of C2O4

2� and
P2O7

4� are particularly important and favorable in practical
application.

Detection mechanism

To get a better understanding of the binding modes of probe 1
with Cu2+, C2O4

2� and P2O7
4�, 1H NMR titration studies were

performed as shown in Fig. 7 and 8.
The 1H NMR spectra of probe 1 in the presence of

increasing concentrations of Cu2+ resulted in broadening and
deshielding of the proton signals of triazole units, amino-
quinoline moieties as well as the two kinds of aliphatic
methylenes in the tweezer-type side chains as compared to
those of free probe (Fig. 7a). Aer the addition of 0.1 equiva-
lent of Cu2+ to the solution of probe 1 (10 mM) in CD3CN–D2O
(99/1, v/v), both triazole protons (H2) showed slight downeld
shis by 0.025 and 0.055 ppm, respectively. Besides, slight
downeld shis in H6 of aminoquinoline moieties by 0.020
and 0.030 ppm, respectively, along with deshielding of meth-
ylene protons (H1 and H3) by 0.015 ppm suggested the crucial
roles of 1,2,3-triazole rings and aminoquinoline groups
as binding sites in the recognition of Cu2+. Due to the
14748 | RSC Adv., 2017, 7, 14742–14751 This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Partial 1H NMR spectra of probe 1 (10 mM) measured before
and after addition of C2O4

2� or P2O7
4� (5.0 equivalent) in deuterated

DMSO–D2O (19/1, v/v). (b) The proposed binding interactions between
probe 1 and anions.

Fig. 9 Photographs of test paper strips containing probe 1 (1 mM) for
detection of (a) Cu2+, (b) C2O4

2� and (c) P2O7
4� with different

concentrations under 365 nm illumination.
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paramagnetic property of Cu2+, the protons of steroidal skeleton
moiety and methylenes in the tweezer-type side chains (H1 and
H3) became more broadened, while the protons of triazole and
aminoquinoline groups (H2, H4–H9) disappeared completely
even in the presence of 0.5 equivalent of Cu2+ (Fig. S16†). The
reversible binding ability of probe 1 toward Cu2+ was veried by
introduction of ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na) into the system containing probe 1 (20 mM) and
Cu2+ (100 mM). The experiment results showed that the
completed quenched uorescence signal of probe 1 by Cu2+ was
recovered gradually with the addition of increasing concentra-
tions of EDTA (Fig. S17†). Based on the spectral and 1H NMR
data, a tentative binding mode between probe 1 and Cu2+ is
presented in Fig. 7b.

The 1H NMR titration of probe 1 with C2O4
2� and P2O7

4�

illustrated the involvement of protons in anion binding. As
shown in Fig. 8a, upon the addition of 5.0 equivalent of C2O4

2�

or P2O7
4� to the solution of probe 1 (10 mM) in deuterated

DMSO–D2O (19/1, v/v), downeld shis of triazole protons (H2,
7.80–8.02 and 7.84–8.04 for C2O4

2�, and 7.80–8.01 and 7.84–
8.03 for P2O7

4�) and acetyl methylene protons (H1, 5.21–5.37
and 5.21–5.44 for both C2O4

2� and P2O7
4�) were observed,

respectively. And the proton signals of –NH at 7.0 ppm (H10) in
aminoquinoline moieties became invisible aer addition of
the tested two anions, presumably as a result of broadening by
hydrogen bond interactions. The quinoline ring protons H4

and H9 showed slight downeld shiing on complexation.
These clearly indicated the participation of triazole protons,
H1 methylene protons as well as –NH protons in the hydrogen
bonding with C2O4

2� and P2O7
4�. The reversible binding

abilities of probe 1 toward C2O4
2� and P2O7

4� were veried by
This journal is © The Royal Society of Chemistry 2017
introduction of Pb2+ into the probe–anion complex system.
The experiment results demonstrated that the enhanced
uorescence of probe 1 by C2O4

2� or P2O7
4� was quenched

gradually with the addition of increasing concentrations of
Pb2+, while the addition of Pb2+ to the solution of probe 1 alone
did not cause obvious change under the identical conditions,
suggesting that the presence of Pb2+ quenched the uores-
cence of the probe–anion complex through the formation of
insoluble salts between Pb2+ and the tested anion, and there-
fore the probe–anion complexation was reversible (Fig. S18†).
The proposed binding interactions between probe 1 and
anions are given in Fig. 8b according to the spectral and 1H
NMR data.
Analytical application

To investigate the practical applications of the probe, experi-
ments for visual detection of Cu2+, C2O4

2� and P2O7
4� on solid

paper strips with naked eyes under 365 nm light were rst
performed. As shown in Fig. 9, remarkable color changes of the
paper strips containing probe 1 (1 mM) appeared clearly from
bright blue to dark black upon interaction with different levels
of Cu2+ (0, 100, 300, 500, 1000 mM) under UV light. Interestingly,
the color of the paper strips containing probe 1 (1 mM) showed
immediate and sensitive changes from dark blue to light blue
aer interaction with C2O4

2� or P2O7
4� (0, 300, 5000 mM) under

UV light. The utilization of these dipsticks is particularly useful
as an instant qualitative method without resorting to instru-
mental analysis.

The probe was also applied to the detection of our target ions
in tap water samples. Before the experiments, the correspond-
ing calibration plots were prepared as the standard curves
under the optimized uorescence titration conditions. No
signicant uorescence changes were produced with both tap
water samples, indicating that these samples are free from
detectable amount of target ions. The recovery studies were
further conducted by spiking two different concentrations of
Cu2+, C2O4

2� or P2O7
4� in triplicate to both the samples. The
RSC Adv., 2017, 7, 14742–14751 | 14749
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Table 1 Recovery of Cu2+, C2O4
2� and P2O7

4� in spiked water samplesa

Ions Spiked (mM)

Tap water 1 Tap water 2

Found (mM) Recovery (%) Found (mM) Recovery (%)

Cu2+ 10 10.26 � 0.11 102.6 11.13 � 0.21 111.3
30 29.44 � 0.13 98.1 29.52 � 0.19 98.4

C2O4
2� 10 10.06 � 0.39 100.6 9.63 � 0.10 96.3

25 24.60 � 0.32 98.4 24.50 � 0.37 98.0
P2O7

4� 10 9.86 � 0.25 98.6 10.20 � 0.33 102.0
25 24.46 � 0.69 97.8 25.15 � 0.14 100.6

a Mean (n ¼ 3) � standard deviation.
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good percentage recoveries proved the ne accuracy of this
uorescent system and its potential applicability in environ-
mental water (Table 1).
Conclusions

In summary, a novel and simple deoxycholic acid-based uo-
rescent probe for multi-detection of Cu2+, C2O4

2� and P2O7
4� in

different media has been facilely constructed using Cu(I)-cata-
lyzed click reaction of steroidal azides and quinoline terminal
alkyne. In this molecule, binding sites and the uorophore
subunits are covalently bonded to form a relatively exible
binding cle, in which nitrogen atoms of triazoles and amino-
quinolines provided a matched binding pocket for Cu2+ with
strong uorescence quenching in CH3CN aqueous solution,
while protons of acetyl methylenes, triazole rings and –NH in
aminoquinolines made favorable hydrogen bonding interac-
tions with C2O4

2� and P2O7
4� accompanied by obvious uo-

rescence enhancement in DMSO aqueous solution. With high
sensitivity, low detection limits and fast response time, this
uorescent probe also showed good performance of determi-
nation on test paper strips and in water samples. Compared
with the recently reported multi-detection probes for Cu2+,
C2O4

2� and P2O7
4� (Table S1†), our report is the rst single

uorescent molecule to our knowledge that can separately
detect them with distinct emission in different solvents. The
design strategy of the molecule will be helpful in developing
uorescent probes for multi-analyte response, thus probably
providing further insight into how to construct efficient sensors
with special properties.
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