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a b s t r a c t

Two novel fluorescence “turn-on” cyanide probes based on the 1,3-dihydroisobenzofuran skeleton have
been designed and synthesized: a terpyridyl-Cu2þ ensemble sensed CN� in THF-H2O (1:1, v/v), and a
dicyanovinyl-containing compound sensed CN� in CH2Cl2 and THF. Titration of CN� with terpyridine-
Cu2þ complex caused a displacement reaction that turned on the fluorescence of A-Cu2þ at 605 nm. The
detection limit of A-Cu2þ for CN� was calculated to be 3.15 � 10�6 M. In the presence of CN�, the
dicyanovinyl-bearing probe underwent a nucleophilic addition, showing 85-fold enhancement of fluo-
rescence, with a detection limit of 5.39 � 10�8 M. Our results demonstrate that these two strategies for
designing a fluorophore skeleton based on the 1,3-dihydroisobenzofuran lead to highly selective “turn-
on” probes for CN�.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Cyanide (CN�) is extremely lethal to mammals because it binds
strongly to the active sites of cytochrome c oxidase, thereby
inhibiting the mitochondrial electron-transport chain, leading to
vomiting, convulsions, loss of consciousness and ultimately death
[1e5]. The median lethal dose (LD50) of cyanide anion is
0.5e3.5 mg/kg body weight [6e8]. Nevertheless, cyanide is widely
used in many industrial processes, such as electroplating, metal-
lurgy, gold mining and chemical processing [9,10]. The seeds of
some fruits release cyanide during their intense metabolism. Such
environmental exposure poses a threat to health, especially when
allowable levels of CN� in drinking water should not exceed 1.9 mM,
according to the World Health Organization [2].

The biological importance and threats of CN� contamination
justify efforts to develop rapid, efficient methods for quantitating
the analyte in biological and environmental samples. A variety of
conventional methods including electrochemical [11,12], titrimetric
[13], atomic absorption spectrometry [14], voltammetric [15] and
other techniques [16e19] have been established for the quantita-
tive analysis of CN�. However, these methods have not beenwidely
applied because they are time-consuming, complex and dependent
on expensive instruments. In contrast, fluorescent probes show
tremendous promise in this regard, since they are often highly
selective and sensitive, simple to use, and inexpensive, and they
allow real-time analytes monitoring, not only in chemical and
environmental samples but also in living cells via fluorescence
confocal microscopy [20e23].

Numerous fluorescent probes have lately been developed in
which fluorescence increases in the presence of CN�. These probes
detect CN� using different mechanisms including hydrogen-
bonding interactions [24], metal ion coordination of CN� [25e31],
and deprotonation [32e34]. In 2010 and 2014, Yoon et al. contrib-
uted two reviews on various chemosensors for CN�, in which
various “turn-on” mechanisms were discussed in detail [35,36].
One of the most extensively studied mechanisms is nucleophilic
addition of CN� to various fluorophores, including tri-
fluoroacetamide derivatives [37,38], dicyanovinyl [39e42], pyry-
lium [43], pyridinium [44], indolium [45] and other highly electron-
deficient carbonyl groups [46e48].

Recently, we reported the synthesis of a novel 1,3-
dihydroisobenzofuran skeleton and its remarkable fluorescence
properties [49]. Here we used our previously developed synthetic
methods to examine whether 1,3-dihydroisobenzofuran could
serve as a fluorophore skeleton to generate probes for CN� [49e51].
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Our efforts led to a terpyridine-based “off-on” probe A-Cu2þ and a
dicyanovinyl-based fluorescence-enhancing probe B for CN�

(Scheme 1). The terpyridyl-Cu2þ complex is non-fluorescent due to
the paramagnetic effect that quenches the fluorescence of most
probes [52e60]. Once CN� was added into the above system,
fluorescence was restored because of the formation of very stable
[Cu(CN)x]n� species [25e30]. Probe B containing a dicyanovinyl
group exhibits very weak fluorescence, which is ascribed to the free
rotation of the aryl-dicyanovinyl molecular rotor in the excited
state, which consumes energy [61,62]. Twisted intramolecular
charge transfer (TICT) involving the electron donor in probe B
quenches the probe’s fluorescence in the absence of CN� [63e66].
Nucleophilic addition of CN� to the C]C bond of the dicyanovinyl
eliminates the intramolecular rotation, greatly intensifying the
emission [40].
2. Experimental

2.1. Materials and instruments

40-(4-Ethynylphenyl)-2,20:60,200-terpyridine (2), (Z)-(4-(iso-
benzofuran-1(3H)-ylidenemethyl)phenyl)methanol (5) and 4-
(piperidin-1-yl)benzaldehyde (6) were prepared according to the
literature methods [67e69]. Bu4NCN and other chemicals were
obtained from commercial sources, and were used without further
purification. Tested metal ions Cu2þ, Mn2þ, Fe3þ, Co2þ, Ni2þ, Zn2þ,
Hg2þ, Mg2þ, Ca2þ and Kþ were added as chloride salts dissolved in
H2O; other metal ions such as Agþ, Cd2þ, Pb2þ, Naþ were added as
nitrate, perchlorate or sulfate salts dissolved in H2O. Anions such as
F�, Cl�, Br�, I�, AcO�, H2PO4

� were added as tetrabutylammonium
salts dissolved in THF or H2O, SCN� was added as sodium salt dis-
solved in EtOH or H2O and other anions such as S2�, N3

�, SO4
2�,

HCO3
�, HPO4

2�, PF6�were added as sodium, potassium or ammonium
salts dissolved in H2O. Solvents (THF, DMF, DCM) used in the ex-
periments were dried by standard methods prior to use.

1H NMR and 13C NMR were recorded on a Bruker 400 MHz
spectrometer. HRMS were obtained on a Waters LCT Premier XE
spectrometer with acetonitrile or methanol as the solvent. The UV
absorption spectra were recorded on a Varian Cary 100
Scheme 1. The structure of probes A an
spectrophotometer and the fluorescence emission spectra were
recorded on a Varian Cary Eclipse fluorescence spectrophotometer.
The slit width was 5 nm and PMT voltage was 600 V for both
excitation and emission. Chemical shifts (d, ppm) in the 1H NMR
spectra were recorded using TMS as internal standard. Chemical
shifts in 13C{1H} NMR spectra were internally referenced to CHCl3
(d ¼ 77.16 ppm).

2.2. Synthesis of probes A and B

The synthetic routes of probes A and B are shown in Scheme 2.
A Sonogashira coupling of (2-iodophenyl)methanol (1) and 40-

(4-ethynylphenyl)-2,20:60,200-terpyridine (2) in the presence of
PdCl2(PPh3)2 and CuI afforded the alkynol product 3. The probe A
was finally obtained through the tandem reaction of 3 and 4-
(dimethylamino)benzaldehyde (4) in the presence of t-BuOK in
THF. Its structure was confirmed by single-crystal X-ray diffraction
analysis (Fig. 1).

An addition-elimination of exo-cyclic enol ether 5 and 4-
(piperidin-1-yl)benzaldehyde (6) catalyzed by t-BuOK gave the
product 7. Oxidation of 7 using Dess-Martin periodinane generated
the aldehyde 8. A Knoevenagel condensation of 8 andmalononitrile
afforded the target probe B.

2.2.1. Synthesis and characterization of probe A
(2-iodophenyl)methanol (1) (2.4 mmol, 0.562 g), 40-(4-

ethynylphenyl)-2,20:60,200-terpyridine (2) (2.0 mmol, 0.667 g),
PdCl2(PPh3)2 (0.04 mmol, 28.1 mg) and CuI (0.02 mmol, 3.8 mg)
were placed in a 50 mL dry Schlenk flask. Then the flask was
evacuated to vacuum and filled with N2 for three times. Under N2
atmosphere, DIPA (8.0 mmol, 1.1 mL) and DMF (25 mL) were added
and the resulting solution was stirred at 70 �C for 3 h. After the
reaction was completed, the mixture was cooled to room temper-
ature and saturated NH4Cl (aq) was added. The resulting mixture
was extracted with EtOAc, and the organic phase was washed with
brine and dried over Na2SO4. The solvent was evaporated under
reduced pressure, and the residue was passed through column
chromatography on silica gel (eluent: CH2Cl2/MeOH ¼ 50:1, v/v) to
afford compound 3 (729.0 mg, 83%).
d B and their sensing mechanisms.



Scheme 2. The synthetic routes of probes A and B.

Fig. 1. ORTEP diagram of A with ellipsoids drawn at the 30% probability level.
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(2-((4-([2,20:6′,200-Terpyridin]-40-yl)phenyl)ethynyl)phenyl)
methanol (3). 1H NMR (400 MHz, CDCl3, 25 �C) d 8.73e8.75 (m,
4H), 8.68 (d, J ¼ 7.92 Hz, 2H), 7.87e7.94 (m, 4H), 7.65e7.68 (m, 2H),
7.58 (dd, J1 ¼ 0.88 Hz, J2 ¼ 7.48 Hz, 1H), 7.52 (d, J ¼ 7.64 Hz, 1H),
7.35e7.41 (m, 3H), 7.29e7.34 (m, 1H), 4.97 (d, J ¼ 5.92 Hz, 2H), 2.24
(br s, 1H); 13C NMR (100.6 MHz, CDCl3, 25 �C) d 156.22, 156.14,
149.39, 149.26, 142.81, 138.48, 137.08, 132.36, 132.21, 129.02, 127.57,
127.44, 127.33, 124.07, 123.80, 121.55, 121.21, 118.77, 93.97, 88.34,
63.99; HRMS (ESI, TOF) calcd for C30H22N3Oþ [M þ H]þ: 440.1757,
found: 440.1753.
To a mixture of 3 (0.5 mmol, 219.8 mg) and 4-(dimethylamino)
benzaldehyde (4) (0.75 mmol, 111.9 mg) in THF (5.0 mL) at room
temperature was added t-BuOK (0.6 mmol, 1 M in THF) via a sy-
ringe. The reaction mixture was then heated to 110 �C in a sealed
tube under nitrogen atmosphere and stirred for 4 h. After the
mixture was cooled to ambient temperature, it was diluted with
saturated NH4Cl (aq) and extracted with EtOAc. The organic phase
was washed with brine and dried over Na2SO4. The solvent was
evaporated under reduced pressure, and the residue was passed
through column chromatography on silica gel (eluent: CH2Cl2/
MeOH ¼ 80:1, v/v) to afford the target probe A as an orange solid
(214.0 mg, 75%).

4-(((Z)-3-((Z)-4-([2,20:6′,200-Terpyridin]-40-yl)benzylidene)iso-
benzofuran-1(3H)-ylidene)methyl)-N,N-dimethylaniline (A).
Mp: 218.6e222.2 �C; 1H NMR (400MHz, CDCl3, 25 �C) d 8.80 (s, 2H),
8.75e8.77 (m, 2H), 8.70 (d, J¼ 7.96 Hz, 2H), 7.99e8.07 (m, 4H), 7.90
(td, J1¼1.80 Hz, J2¼ 7.68 Hz, 2H), 7.84 (d, J¼ 8.84 Hz, 2H), 7.62e7.69
(m, 2H), 7.35e7.43 (m, 4H), 6.87 (d, J ¼ 8.84 Hz, 2H), 6.22 (s, 1H),
6.19 (s, 1H), 3.07 (s, 6H); 13C NMR (100.6 MHz, CDCl3, 25 �C)
d 156.54, 156.02, 153.06, 150.24, 149.50, 149.25, 149.15, 137.04,
136.55, 135.79, 134.67, 133.26, 129.83, 129.37, 128.76, 128.43, 127.62,
123.94, 123.25, 121.59, 120.02, 119.41, 118.71, 112.74, 101.12, 98.09,
40.74; HRMS (EI, TOF) calcd for C39H30N4O [M]þ: 570.2420, found:
570.2419.
2.2.2. Synthesis and characterization of probe B
(Z)-(4-(isobenzofuran-1(3H)-ylidenemethyl)phenyl)methanol

(5) (190.6 mg, 0.8 mmol), 4-(piperidin-1-yl)benzaldehyde (6)
(227.2 mg, 1.2 mmol), t-BuOK (0.48 mmol, 1 M in THF) and 18-
crown-6 (190.4 mg, 0.72 mmol) in DMF (4 mL) were stirred at
110 �C under nitrogen atmosphere for 3 h. The mixture was cooled
and saturated NH4Cl (aq) was added to quench the reaction. The
resulting mixture was extracted with CH2Cl2 and the organic phase
was washed with brine, dried over Na2SO4. The solvent was evap-
orated and the residue was passed through column
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chromatography on silica gel (eluent: PE/EtOAc ¼ 10:1, v/v) to
afford the crude product (4-((Z)-((Z)-3-(4-(piperidin-1-yl)benzyli-
dene)isobenzofuran-1(3H)-ylidene)-methyl)phenyl)methanol 7
(282.0 mg, 86%) without further purification [49].

Dess-Martin periodinane (350.5 mg, 0.83 mmol) was added to a
stirred solution of 7 (282.0 mg, 0.69 mmol) in DCM (40 mL). The
solution was stirred at room temperature for 1 h and diluted with
10 mL of DCM. Saturated aqueous NaHCO3 and 3 M aqueous
Na2S2O3 were added to quench the reaction [70]. The organic layer
was separated and washed with brine, dried over Na2SO4. After the
solvent was evaporated, the residue was passed through flash
column chromatography on silica gel (eluent: PE/EtOAc¼ 60:1, v/v)
to give the oxidation product 4-((Z)-((Z)-3-(4-(piperidin-1-yl)ben-
zylidene)isobenzofuran-1(3H)-ylidene)methyl)benzaldehyde 8
(138.6 mg, 49%) for the next reaction.

Malononitrile (29.1 mg, 0.44 mmol), KOH (5.7 mg, 0.10 mmol)
and 18-crown-6 (27.0 mg, 0.10 mmol) were successively added to a
stirred solution of 8 (138.6 mg, 0.34 mmol) in MeOH (30 mL). The
solution was stirred at room temperature for 1 h and 30 mL water
was added. The resulting mixture was exacted with DCM and the
organic phase was washed with brine, dried over Na2SO4. The
solvent was evaporated under reduced pressure, and the residue
was passed through column chromatography on silica gel (eluent:
PE/EtOAc¼ 40:1, v/v) to afford the final probe B as a brownish black
solid (43.3 mg, 28%) [71].

2-(4-((Z)-((Z)-3-(4-(Piperidin-1-yl)benzylidene)iso-
benzofuran-1(3H)-ylidene)methyl)benzylidene)malononitrile
Fig. 2. (a) Fluorescence titration spectra of A (10 mM) upon addition of Cu2þ (0e1.5 equiv.) in
at 611 nm as a function of Cu2þ equivalents. (c) Linear Job’s plot of F0eF at 611 nm as a fun
metal ion. Excitation wavelength: 435 nm.
(B). Mp: 207.6e210.8 �C; 1H NMR (400 MHz, CDCl3, 25 �C) d 7.99 (d,
J ¼ 8.52 Hz, 2H), 7.94 (d, J ¼ 8.52 Hz, 2H), 7.77 (d, J ¼ 8.64 Hz, 2H),
7.64e7.69 (m, 3H), 7.40e7.50 (m, 2H), 7.00 (d, J ¼ 8.32 Hz, 2H), 6.26
(s, 1H), 6.18 (s, 1H), 3.30 (t, J¼ 5.04 Hz, 4H), 1.74 (br s, 4H), 1.63e1.65
(m, 2H); 13C NMR (100.6 MHz, CDCl3, 25 �C) d 158.68,155.92,151.05,
149.25, 142.75,134.91,132.55,131.48,130.45,130.00, 128.88,128.66,
128.29, 120.55, 119.67, 115.74, 114.76, 113.60, 102.73, 97.62, 79.40,
49.90, 25.77, 24.47; HRMS (EI, TOF) calcd for C31H25N3O [M]þ:
455.1998, found: 455.1999.
3. Results and discussion

3.1. Spectral characteristics of probe A

Since probe A is hydrophobic, we used THF-H2O (1:1, v/v) as the
solvent in which to analyze its ability to detect Cu2þ. The emission
intensity of A showed a linear dependence on Cu2þ concentration,
and the probe showed high selectivity and sensitivity.

The UVevis absorption spectra of probe A show a slightly lower
and red-shifted absorption inflection point in THF-H2O (1:1, v/v)
than in THF (Fig. S1a, Supporting Information). The emission peak
of A is bathochromic-shifted and less than half as intense in THF-
H2O as in THF (Fig. S1b, Supporting Information). These results
show that water significantly affects the photophysical properties
of probe A.

Next we explored how the fluorescence spectra of A vary with
solvent polarity. Since A is a probe with pushepull effect in which
THF-H2O (1:1, v/v) at 25 �C. (b) Variations in fluorescence intensity of probe A (10 mM)
ction of Cu2þ concentration. F0 is the fluorescence intensity of A in the absence of any



Fig. 3. BenesieHildebrand linear analysis plot of A at different Cu2þ concentrations.
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N,N-dimethylamine serves as the electron-donor and terpyridyl
serves as the electron-acceptor, it is strongly affected by solvent
polarity. The absorption spectra of Awas similar in various solvents,
while the emission spectra varied substantially (Fig. S2a-b). The
maximal emission wavelength red-shifted with the increasing
solvent polarity (from toluene to DMSO): the emission peak was
red-shifted by 82 nm in DMSO relative to its position in toluene.
The effect of solvent polarity was further confirmed by comparison
of normalized fluorescence spectra of A in different solvents, which
Fig. 4. (a) Changes in the emission spectrum of A-Cu2þ (10 mM) in the presence of different a
bar graph of fluorescence intensity at 611 nm in the presence of various anions. Red bars
indicated anion (CN�, 50 equiv.; others, 100 equiv.). Green bars indicate fluorescence inten
Changes in A-Cu2þ color (above) and fluorescence (below) in THF-H2O (1:1, v/v) upon addit
wavelength: 435 nm. (For interpretation of the references to color in this figure legend, th
can provide a more intuitive illustration of solvent effect on the
emission peak (Fig. S2c, Supporting Information). Fluorescence
photographs of A in different solvents show the color change from
cyan to magenta with the increasing solvent polarity (Fig. S2d).

We also investigated the effect of pH values on the fluorescence
emission of probe A in THF-H2O (1:1, v/v) (Fig. S3). As shown in
Fig. S3, the probe Awas almost non-fluorescent when the pH value
of solution is 1 due to the protonation of terpyridyl group to form
terpyridinium ion, thus exhibiting a stronger ICT effect in the
excited state [72]. The fluorescence intensity of A increased notably
when the pH value of solution enhanced to 2e4. In the pH value
region of 5e14, the fluorescence spectra of A exhibited no obvious
difference, indicating that A was not protonated under the condi-
tions of weak acidity.

To test the selectivity of probe A for Cu2þ over other metal ions,
we mixed A (10 mM) with 10 equivalents of metal ions in THF-H2O
(1:1, v/v). The absorption inflection point of A increased in absor-
bance when CoCl2 was added, while the absorption inflection point
at 435 nm disappearedwhen CuCl2 was added (Fig. S4a, Supporting
Information). Among the metal ions tested, only Cu2þ significantly
quenched the fluorescence emission of A (Fig. S4b, Supporting
Information). The bar graph (Fig. S4c, Supporting Information) as
well as the changes in color and fluorescence of A in THF-H2O
(Fig. S4d, Supporting Information) further confirmed the high
selectivity of A for Cu2þ.
queous anions (CN�, 50 equiv.; others, 100 equiv.) in THF-H2O (1:1, v/v) at 25 �C. (b) The
indicate fluorescence intensity in the absence of any anion or in the presence of the
sity in the presence of both CN� (50 equiv.) and the indicated anion (100 equiv.). (c)
ion of CN�. The fluorescence photograph was taken under 365 nm UV light. Excitation
e reader is referred to the web version of this article.)



Fig. 5. UV absorption (a) and fluorescence (b) titration spectra of A-Cu2þ (10 mM) in THF-H2O (1:1, v/v) at 25 �C in the presence of 0e60.0 equiv. CN�. (c) The linear Job’s plot of
fluorescence intensity at 605 nm as a function of concentration of CN�. Excitation wavelength: 435 nm.
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The maximum emission peak of A in the absence of Cu2þ

emerged at 611 nm (Fig. 2a). The fluorescence intensity gradually
decreased with the addition of Cu2þ from 0 to 1.5 equiv. The fluo-
rescence intensity reached a plateau at concentrations of Cu2þ

beyond 10 mM (Fig. 2b). The limit of detection (LOD) for Cu2þ was
calculated to be 1.13 � 10�7 M based on analysis of 10 blank
Fig. 6. (a) Fluorescence spectra of B (10 mM) in CH2Cl2 at 25 �C in the absence or presence of
color (above) and fluorescence (below) of B in CH2Cl2 after the addition of CN�. The fluore
solutions and the IUPAC definition of LOD as 3s/k, where s is the
standard deviation and k is the slope of the linear Job’s plot [73]
(Fig. 2c).

A Job’s plot of the relationship between (F0eF)/F0 and [Cu2þ]/
{[Cu2þ]þ[A]} (Fig. S5a, Supporting Information) showed that
(F0eF)/F0 reached a plateau when [Cu2þ]/{[Cu2þ]þ[A]} was 0.5. This
CN� (3 equiv.) or other anions (5 equiv.). Excitation wavelength: 410 nm. (b) Changes in
scence photograph was taken under 365 nm UV light.
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confirms 1:1 stoichiometry between A and Cu2þ. In addition, HRMS
indicated a mass of 633.1710 for [A þ Cu2þ], which matches the
calculated mass of 633.1717 for C39H30ON4Cu (Fig. S5b, Supporting
Information). A Benesi-Hildebrand plot obtained from the fluores-
cence titration data afforded an association constant of
2.275 � 105 M�1 [74] (Fig. 3).

Finally, we investigated the fluorescence responses of probe A to
CuCl2, CuSO4 and Cu(NO3)2 in THF/H2O (1:1, v/v) in order to
investigate the influence of anionic counter ions (Fig. S6,
Supporting Information). The result showed that CuCl2 and CuSO4
quenched the fluorescence of Awith slightly higher efficiency than
Cu(NO3)2. The reason is possibly that A coordinates with Cu(NO3)2
more weakly than with CuCl2 or CuSO4.

3.2. Spectral characteristics of probe A-Cu2þ for CN� detection

Considering the non-fluorescence of the terpyridyl-Cu2þ

ensemble and the strong affinity of CN�with Cu2þ, we used A-Cu2þ

complex to detect CN� in THF-H2O (1:1, v/v). The selectivity of A-
Cu2þ for CN� over other anions was investigated by adding
50 equiv. of CN� or 100 equiv. of other anions to A-Cu2þ (10 mM) in
THF-H2O (1:1, v/v). Only CN� significantly increased the fluores-
cence at 611 nm by more than 12-fold, and the fluorescence
quantum yield (FF) increased from 0.02% to 0.65%. Whereas, other
anions such as F�, Cl�, Br�, I�, OAc�, SCN�, SO4

2�, N3
�, HCO3

�, HPO4
2�

and PF6� induced almost no change in fluorescence (Fig. 4a). The bar
graph (Fig. 4b) as well as the changes in color and fluorescence of A-
Cu2þ in THF-H2O (Fig. 4c) further confirmed the high selectivity of
A-Cu2þ for CN�.
Fig. 7. UV absorption (a) and fluorescence (b) titration spectra of B (10 mM) in CH2Cl2 at 25 �C
B (10 mM) at 531 nm in the presence of increasing amounts of CN�. Excitation wavelength
UV absorption and fluorescence titration experiments were
performed to analyze the response of A-Cu2þ in THF-H2O (1:1, v/v)
to the addition of CN�. The UV absorption titration spectrum of A-
Cu2þ with CN� in THF-H2O showed three isosbestic points at
approximately 356, 428 and 466 nm. The absorption inflection
point at about 482 nm gradually disappeared with the addition of
CN� and a new inflection point emerged at about 450 nm when
60 equiv. of CN� was added (Fig. 5a). The fluorescence titration
spectrum of A-Cu2þ with CN� showed a peak of maximum emis-
sion at 605 nm, and the fluorescence intensity gradually increased
with increasing amount of CN� from 0 to 60.0 equiv. (Fig. 5b). The
detection limit of A-Cu2þ for CN� in THF-H2O (1:1, v/v) was
measured to be 3.15 � 10�6 M based on analysis of 10 blank solu-
tions and the linear Job’s plot (Fig. 5c).

3.3. Spectral characteristics of probe B for CN� detection

The selectivity of probe B for CN� over other anions was
investigated by adding 3 equiv. of CN� or 5 equiv. of other anions to
B (10 mM) in CH2Cl2. Only CN� substantially increased the fluo-
rescence of B (FF changed from 0.072% to 4.5%), with the other
anions barely affecting the emission (Fig. 6a). The selectivity for
CN� was further confirmed based on analysis of the visible color
change and the fluorescence enhancement upon addition of CN�

(Fig. 6b).
The UV absorption titration spectrum of B with CN� in CH2Cl2

showed three isosbestic points at approximately 338, 410 and
455 nm. Upon addition of CN�, the absorbance of B in CH2Cl2 at
378 nm gradually decreased and the absorption peak red-shifted.
in the presence of 0e2.0 equiv. CN�. (c) Variation of the fluorescence intensity of probe
: 410 nm.
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The absorption peak at 525 nm gradually disappeared with
increasing concentration of CN� (Fig. 7a). The fluorescence titration
spectrum of B with CN� showed a peak of maximum emission at
531 nm, and the fluorescence intensity gradually increased with
increasing CN� from 0 to 2.0 equiv. (Fig. 7b). The fluorescence in-
tensity reached a plateau at a CN� concentration of 9 mM (Fig. 7c).

To measure the real-time sensitivity of probe B toward CN� in
CH2Cl2, we measured the fluorescence intensity every 15 s after
addition of 1.5 equiv. of CN� (Fig. S7a, Supporting Information). The
fluorescence intensity increased rapidly to 111 a.u. within 15 s, and
it reached a plateau after approximately 1 min (Fig. S7b, Supporting
Information). These results indicate that probe B responds rapidly
to CN�. Assuming a first-order reaction between B and CN� in the
interval from 30 to 240 s, we determined an apparent rate constant
of 0.0086 s�1 (Fig. S7c, Supporting Information).

Subsequently, we investigated how different aqueous anions
affect the photophysical properties of B in THF. As shown in Fig. S8a,
CN� enhanced the emission of B at 528 nm more than 15-fold (FF
changed from 0.076% to 0.84%), while F� enhanced the emission at
546 nm only 4-fold and I� enhanced it at 542 nm only 3.7-fold. The
fluorescence intensity changed negligibly in the presence of other
aqueous anions. The high selectivity of B for CN� in THF was
confirmed based on analysis of the visible color change and the
fluorescence enhancement upon addition of CN� (Fig. S8b), as well
as based on comparison of the fluorescence enhancement in the
presence of various anions (Fig. S8c).

The UV absorption and fluorescence titration experiments were
performed to analyze the response of B in THF to the addition of
Fig. 8. (a) Fluorescence intensity of probe B (10 mM) in THF at 25 �C upon addition of 2.5 equ
25 and 30 min. (b) Time course of the fluorescence response of B (10 mM) in THF upon additio
THF during the interval from 1 to 15 min according to a pseudo-first-order model. Fmax: The
aqueous CN�. F0: The fluorescence intensity of B in THF in the absence of CN�. Excitation w
aqueous CN�. As CN� concentration increased, the absorbance at
374 nm gradually decreased concomitantly with red-shifting of the
absorption peak. At the same time, the absorption peak at 516 nm
gradually disappeared (Fig. S9a, Supporting Information). The
fluorescence titration spectra of Bwith aqueous CN� showed a peak
of maximum emission at 533 nm (Fig. S9b, Supporting
Information). The fluorescence intensity increased rapidly in the
presence of 0e1.0 equiv. CN�, then more slowly with further
addition of aqueous CN� (Fig. S9c, Supporting Information). The
fluorescence intensity varied linearly with the concentration of CN�

in the range of 0.1e0.8 equiv. (Fig. S9d, Supporting Information).
Using the same IUPAC definition of LOD as for probe A, we calcu-
lated an LOD of 5.39 � 10�8 M for probe B and CN�, based on the
linear Job’s plot and 10 blank solutions.

Finally, we investigated the real-time fluorescence response of B
(10 mM) in THF upon addition of 2.5 equiv. of CN� (Fig. 8a). The
fluorescence intensity at 532 nm increased approximately 14-fold
in the first 30 s, after which it increased slowly but steadily
beyond 60 s (Fig. 8b). The results indicate that B is highly sensitive
to CN�. Assuming a pseudo-first-order reaction between B and CN�

in THF during the interval from 1 to 15 min, we determined the
apparent rate constant to be 0.0545 min�1 (Fig. 8c).

To better understand the interaction between B and CN�, we
isolated and characterized the addition product (Fig. S10,
Supporting Information). By 1H NMR, addition of CN� to B caused
the dicyanovinylic proton signal at 7.69 ppm to disappear and two
doublet peaks to emerge at 4.50 and 4.27 ppm. By 13C NMR, addi-
tion of CN� eliminated the signal of the dicyanovinylic carbon close
iv. of aqueous CN�. The indicated curves were obtained at 0.5, 1, 2, 4, 6, 8, 10, 15, 18, 20,
n of 2.5 equiv. of aqueous CN�. (c) Kinetic analysis of the reaction between B and CN� in
maximum fluorescence intensity of probe Bwithin 30 min after addition of 2.5 equiv. of
avelength: 410 nm.



Fig. 9. Fluorescence spectra of probe A-Cu2þ (10 mM) in THF-tap water (1:1, v/v) (a) or THF-river water (1:1, v/v) (b) at 25 �C before and after the addition of 50 equiv. of aqueous
CN�. Excitation wavelength: 435 nm.
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to the cyano group at 79.40 ppm, and caused two peaks to emerge
at 39.06 and 29.87 ppm. In addition, HRMS in ESI mode showed a
mass peak at 483.2182 for [BeCN þ H], consistent with the calcu-
lated mass of 483.2185 for C32H27N4O ([M þ H]þ). These results are
in accordance with a nucleophilic addition mechanism (Scheme 1).

3.4. Real sample analysis

For the real sample analysis, we used probes A-Cu2þ and B to
detect CN� in tap water or river water obtained from Qingchun
River in our campus. The probe A-Cu2þ was non-fluorescent in
THF-tap water (1:1, v/v) or THF-river water (1:1, v/v). Once
50 equiv. of CN� in tap water or river water were added, the fluo-
rescence intensity increased significantly (Fig. 9). The result was
consistent with that obtained in THF-H2O (1:1, v/v). For probe B, we
also observed the fluorescence enhancement when 5 equiv. of CN�

dissolved in tap water or river water were added (Fig. S11), which
was consistent with the result using deionized water. These results
proved the potential of these two probes in practical applications
for the real samples.

4. Conclusions

In summary, we have developed two novel fluorescence “turn-
on” cyanide probes based on a new 1,3-dihydroisobenzofuran
skeleton. One is the complex A-Cu2þ, which is non-fluorescent
due to the paramagnetic effect of Cu2þ. However, it is selective
for CN� via a displacement mechanism with an LOD of
3.15 � 10�6 M in THF-H2O (1:1, v/v). The other is a dicyanovinyl-
based probe B, which emits very weak fluorescence due to TICT
in the excited state. Nucleophilic addition of CN� to the dicyano-
vinyl group eliminates the intramolecular free rotation, enhancing
the fluorescence. The LOD of B for CN� is 5.39 � 10�8 M in THF,
which lies well below the WHO-defined limit of 1.9 mM for CN� in
drinking water. Based on these results, we draw the conclusion that
probe B is muchmore sensitive for CN� than probeA-Cu2þ. The real
sample analysis of CN� in tap water and river water using both
probes proves their potential usage in practical applications of
environmental field.
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