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Abstract
A new fluorometric chemodosimeter 2-amino-3-(((E)-3-(1-phenylimidazo[1,5-α]pyridin-3-yl)benzylidene)amino)maleonitrile
(BPI-MAL) has been designed and synthesized for sensing hypochlorite. BPI-MAL showed a selective turn-on fluorescence
for ClO− through hypochlorite-promoted de-diaminomaleonitrile reaction. It also could detect ClO− in the presence of various
competitive anions including reactive oxygen species. Interestingly, sensor BPI-MAL was successfully applied as a fluorescent
test kit for ClO− determination. The sensing property and mechanism of BPI-MAL toward ClO− were studied by fluorescence
and UV-vis spectroscopy, NMR titration and DFT calculations.

Keywords Hypochlorite . Fluorescent chemodosimeter . Imidazo[1,5-a]pyridine . Test kit . Theoretical calculations

Introduction

Research on probes for recognition of biologically significant
anions has drawn huge interest in chemosensing field [1–9].
Hypochlorous acid, one of ROS (reactive oxygen species), is
known as a microbicidal mediator in human immune defense
system [10–13]. It is formed from the reaction of Cl− and H2O2

catalyzed by MPO (myeloperoxidase) to destroy the invasive
bacteria and pathogens [14–17]. However, abnormal concen-
tration of ClO− could induce various diseases such as cancer,
arthritis and Parkinson’s disease [18–21]. On the other hand,
ClO−, as a strong oxidizer, is also widely employed in organic
synthesis, household bleach and disinfectant with a high con-
centration (10−5–10−2 M) in water treatment [22]. Considering
the various usages of ClO−, the development of accessible and
selective tools to sense ClO− is of high importance.

Recently, various analytical methods including colorimet-
ric, fluorescent, chemiluminescence and electrochemical have
been developed to detect ClO− [23–36]. Among these
methods, fluorescent methods are considered as an effective

way to detect ClO− owing to their short response time, high
sensitivity and accurate analysis [37–40]. In this respect, sev-
eral fluorescent probes including various fluorophores have
been developed to recognize ClO− like pyrene, BODIPY, cou-
marin and fluorescein [24, 29, 41–43]. In addition, fluorescent
probes which react with ClO− through covalent interaction
could enhance selectivity as a ClO− sensor. With the points
in mind, we synthesized a chemodosimeter BPI-MAL bear-
ing a new type fluorescentBPI and diaminomaleonitrile.BPI-
MAL acted as a reaction-based fluorescent chemosensor for
ClO− through the production of the fluorescent aldehyde BPI.

Herein, we report a new chemodosimeter BPI-MAL for
sensing ClO− by turn-on fluorescence. BPI-MAL displayed
a strong greenish blue fluorescence upon selective reaction
with ClO−. Importantly, the sensor clearly recognized ClO−

in the presence of ROS species (H2O2, AcOOH and
tBuOOH). BPI-MAL was also applied to test kit experiments
for the practical and rapid determination of ClO−. Reaction
mechanism and sensing process toward ClO− were demon-
strated by theoretical calculations, fluorescence, and UV-vis
and 1H NMR titrations.

Experiments

Materials and Equipment

All materials were purchased from Sigma-Aldrich. 13C and 1H
NMR data were recorded on a Varian spectrometer. UV-
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visible and fluorescence measurements were carried out with
Perkin Elmer UV/Visible and LS45 fluorescent spectrometers.
The fluorescent quantum yields were obtained with quinine
sulfate as a standard.

Synthetic Method of 4-(1-Phenylimidazo[1,5-a]
Pyridin-3-Yl)Benzaldehyde (BPI)

2-Benzoylpyridine (3.0 mmol, 0.55 g) and NH4(OAc)
(15.0 mmol, 1.15 g) were dissolved in 17 mL of
CH3COOH, and isophthalaldehyde (6.3 mmol, 0.84 g) was
added into the mixture. After it was refluxed about 5 h at
90 °C, acetic acid was evaporated and the resulting crude
product was extracted with dichloromethane/aqueous
NaCO3 solution. The dichloromethane layer was collected
and pur i f i ed th rough chroma tog raphy (43 :5 :2 ,
CH2Cl2-hexane-MeOH) to give a yellow solid (57%). 1H
NMR in DMSO-d6, δ: 10.14 (s, 1H), 8.58 (d, J = 8.0 Hz,
1H), 8.41 (s, 1H), 8.24 (d, J = 8.0 Hz, 1H), 7.98 (d, J =
8.0 Hz, 3H), 7.68 (t, J = 8.0 Hz, 1H), 7.48 (t, J = 8.0 Hz,
2H), 7.30 (t, J = 8.0 Hz, 1H), 7.00 (t, J = 8.0 Hz, 1H), 6.82
(t, J = 8.0 Hz, 1H).

Synthetic Method of BPI-MAL

BPI (0.9mmol, 270mg) and diaminomaleonitrile (0.85mmol,
92 mg) were dissolved in distilled EtOH (15 mL) and the
mixture was refluxed about 4 h at 70 °C. A deep yellow solid
was precipitated and collected by filtration with a yield of
89%. 1H NMR in DMSO-d6, δ: 8.50 (m, 2H), 8.43 (d, J =
8.0 Hz, 1H), 8.19 (d, J = 8.0 Hz, 1H), 8.02 (m, 3H), 7.97 (d,
J = 8.0 Hz, 3H), 7.68 (t, J = 8.0 Hz, 1H), 7.48 (t, J = 8.0 Hz,
2H), 7.30 (t, J = 8.0 Hz, 1H), 7.00 (t, J = 8.0 Hz, 1H), 6.82 (t,
J = 8.0 Hz, 1H). 13C NMR (100MHz, 25 C) d 155.16, 137.21,
136.66, 135.05, 131.61, 130.95, 130.80, 129.92, 129.40,
129.15, 129.14, 128.69, 127.90, 127.77, 126.76, 126.50,
126.45, 123.16, 121.57, 118.95, 114.80, 114.29, 114.25,
102.89. LRMS (ESI): calcd for [BPI-MAL - H+ + 2H2O]

−:
423.16 (m/z), found, 423.24 (m/z).

Selectivity of BPI-MAL

2.0 mL of DMF was used to dissolve BPI-MAL (1.2 mg, 6 ×
10−3 mmol). 10.0 μL (3 × 10−3 M) of the BPI-MAL solution
was diluted to a mixture (2.99 mL) of PBS buffer/DMF (8:2;
v/v) to make 10 μM. 4.2 μL (100 mM) of a number of oxi-
dants and anions (H2O2, AcOOH, tBuOOH, Br

−, CN−, Cl−,
H2PO4

−, NO2
−, OAc−, BzO−, N3

− and F−) was added to
3.0 mL of BPI-MAL (10 μM) to produce 14 equiv. Their
fluorescent data were obtained, after reacting them for 30 s.

Fluorescent and UV-Visible Titrations

2.0 mL of DMF was used to dissolve BPI-MAL (1.2 mg, 6 ×
10−3 mmol). 10.0 μL (3 × 10−3 M) of the BPI-MAL solution
was diluted to a mixture (2.99 mL) of PBS buffer/DMF (8:2;
v/v) to make 10 μM. Distilled water (5 mL) was used to dilute
NaClO solution (256 μL, 5 mmol). Then, 0.3–4.5 μL (or 0.3–
7.8 μL for UV-visible titration) of the ClO− were added to
each solution of BPI-MAL. Their UV-visible and fluorescent
data were obtained, after reacting them for 30 s.

1H NMR Titration

To two NMR tubes of BPI-MAL (1.6 mg, 2 × 10−5 mol) dis-
solved in dimethylformamide-d7 (1.4 mL) were added two dif-
ferent equivalents (0 and 9.0) of NaClO dissolved in D2O
(0.6 mL). After 1 min, the 1H NMR spectra were recorded.

Competition Tests

4.2 μL (100 mM) of a stock ClO− was diluted in 2.982 mL of
a mixture of PBS buffer/DMF (v/v, 8:2). 4.2μL (100mM) of a
number of oxidants and anions (H2O2, AcOOH, tBuOOH,
Br−, CN−, Cl−, H2PO4

−, NO2
−, OAc−, BzO−, N3

− and F−)
was added to ClO− solution to produce 14 equiv. 10.0 μL
(3 × 10−3 M) of BPI-MAL solution was added into each mix-
ture of guest analytes to make 0.01mM. Their fluorescent data
were obtained, after reacting them for 30 s.

Scheme 1 Synthetic procedure of chemodosimeter BPI-MAL. Reagents and conditions: a isophthalaldehyde, ammonium acetate, acetic acid, reflux,
5 h; b diaminomaleonitrile, distilled EtOH, reflux, 4 h (see the experimental section for details)
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pH Test

To check the pH effect on BPI-MAL and BPI-MAL + ClO−,
a series of Britton-Robinson buffer/DMF (8:2; v/v) having pH
range from 2 to 12 were prepared. 10.0 μL (3 × 10−3 M) of a
stock BPI-MAL solution dissolved in DMF was diluted to
2.99 mL of each pH buffer solution to afford 0.01 mM.
4.2 μL (0.1 M) of a stock ClO− was transferred to BPI-
MAL solution (3 mL). Their fluorescent data were obtained,
after reacting them for 30 s.

Fluorescence Test Kit

A stock solution (500 μM) of BPI-MAL dissolved in
acetonitrile was prepared. Then, filter papers were im-
mersed into the solution of BPI-MAL and dried in air.
Test kits coated with BPI-MAL were treated with 5 mM
of various oxidants and anions (H2O2, AcOOH, tBuOOH,
Br−, CN−, Cl−, H2PO4

−, NO2
−, OAc−, BzO−, N3

− and F−).
After 30 s, the photograph of each test strip was taken
under the UV light.

Theoretical Calculations

All theoretical calculations were carried out with Gaussian
03 [44]. With the hybrid functional B3LYP/6-31G(d,p)
level, the geometry optimizations calculations were per-
formed for BPI-MAL and BPI [45–48]. Imaginary fre-
quency was not observed for the optimized forms of
BPI-MAL and BPI, indicating their local minima. For
all calculations, the Barone and Cossi’s CPCM was used
to consider the solvent effect and water was chosen as the

solvent [49, 50]. CAM-B3LYP functional was applied in
TD-DFT to study the electronic characters of singlet ex-
cited states at the ground state structures of BPI-MAL
and BPI [51]. 30 singlet-singlet excitations were consid-
ered for calculations. The MO contributions of electronic
transitions were analyzed by using GaussSum 2.1 [52].

Results and Discussion

Chemodosimeter BPI-MAL was synthesized by refluxing
4-(1-phenylimidazo[1,5-a]pyridin-3-yl)benzaldehyde
(BPI) with diaminomaleonitri le in disti l led EtOH
(Scheme 1) . Compound BPI was synthes ized by

Fig. 3 UV-vis changes of BPI-MAL (1 × 10−2 mM) with increasing
concentrations of ClO−. Inset: Plot of absorbance (275 nm) vs. the
concentration of ClO−

Fig. 1 Fluorescence spectra of BPI-MAL (1 × 10−2 mM) upon addition
of various analytes (14 equiv). Inset: Fluorescent color change of BPI-
MAL with ClO−

Fig. 2 Fluorescence changes of BPI-MAL (1 × 10−2 mM) with
increasing concentrations of ClO−. Inset: Plot of fluorescent intensity
(473 nm) vs. the amount of ClO−
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condensat ion react ion of 2-benzoylpyr id ine and
isophthalaldehyde. BPI-MAL and BPI were successfully
characterized by 1H and 13C NMR and ESI-MS. In addition,
the fluorescence of BPI-MAL was stable for 24 h in a mix-
ture of PBS buffer/DMF (v/v, 8:2) (Fig. S1).

Spectroscopic Investigations of Chemodosimeter
BPI-MAL to ClO−

To check the selectivity, fluorescent response of BPI-MAL
toward various guest analytes (H2O2, AcOOH, tBuOOH,

Scheme 2 Plausible sensing
mechanism of ClO− by BPI-
MAL

Fig. 4 1H NMR spectra of BPI-
MAL, BPI-MAL + 9 equiv. of
ClO−, and BPI
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Br−, CN−, Cl−, H2PO4
−, NO2

−, OAc−, BzO−, N3
− and F−)

were examined in PBS buffer/DMF (80:20) (Fig. 1). BPI-
MAL displayed little fluorescence emission with a quan-
tum yield Φ = 0.0056 (λex = 275 nm). When BPI-MAL
was treated with 14 equiv. of the guest analytes, only
ClO− led to the remarkable fluorescence enhancement with
a high quantum yield (Φ = 0.1230). These results indicated
that chemodosimeter BPI-MAL could be used as a selec-
tive fluorescent ClO− sensor.

The chemosensing property of BPI-MAL toward ClO−

was investigated by fluorescence titration (Fig. 2). As dif-
ferent concentration of ClO− was added into the solution
of BPI-MAL, emission peak at 473 nm was continuously
increased until ClO− reached at 14 equiv. UV-vis titration
was also conducted to further study the photophysical
properties of BPI-MAL to ClO− (Fig. 3). The absorbance
at 275 nm increased and the band at 370 nm continuously
decreased with a large hypsochromic shift (95 nm), and a
defined isosbestic point appeared at 302 nm. To analyze
the quantitative sensing ability of BPI-MAL toward ClO−,
a calibration curve was constructed in the range of 0–

30 μM and a good linearity was observed (R2 = 0.9923,
Fig. S2). Detection limit turned out to be 2.32 μM through
the IUPAC method (CDL = 3σ/k) [53].

To understand the reaction mechanism of BPI-MAL
with ClO−, we conducted 1H NMR titration experiment
(Fig. 4). On addition of ClO− (9 equiv) into BPI-MAL,
the proton signal of Ha (8.55 ppm) of the imine group de-
creased and a new proton Ha’ of the aldehyde group of BPI
appeared at 10.25 ppm. Based on these results and litera-
tures related to ClO−-promoted dediaminomaleonitrile reac-
tion [54, 55], we proposed that the imine group of BPI-
MAL was attacked by oxidizer ClO−, resulting in the gen-
eration of corresponding aldehyde BPI (Scheme 2). In par-
ticular, BPI-MAL could detect ClO− in the second highest
water percent among previously reported ClO− sensors that
attacked the imine group to produce the cleft product alde-
hyde (Table S1).

To examine the practical sensing capability of BPI-MAL
as a proper fluorescent chemodosimeter for ClO−, the compet-
itive tests were performed (Fig. S3). When chemodosimeter
BPI-MAL was mixed with both competitive guest analytes
(14 equiv) and ClO− (14 equiv), most of the analytes including
ROS did not inhibit the sensing of ClO− by BPI-MAL.
However, the presence of CN− exhibited significant inhibition
with recognizing ClO−.

To evaluate the practical applicability of BPI-MAL, pH
effect on the fluorescent recognition of ClO− was studied at
the range of pH 2 to 12 (Fig. 5). BPI-MAL showed a negli-
gible fluorescence intensity in the whole pH range, suggesting
that BPI-MAL is unresponsive to pH change. When BPI-
MAL was treated with 14 equiv. of ClO−, intensity change
was not observed under acidic and hard basic conditions.
However, notable increase of fluorescent intensity was ob-
served at the range of pH 7–10. These results demonstrated
that the ideal range of sensing ClO− by probe BPI-MAL was
between pH 7 and 10.

To check the practical application of BPI-MAL, test
kits experiment was performed using the filter papers
coated with BPI-MAL (Fig. 6). When the test kits were

Fig. 6 Photos of the filter papers coated with BPI-MAL and various analytes

Fig. 5 Fluorescent intensity (473 nm) of BPI-MAL with ClO− at pH
values of 2 to 12
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treated with oxidants and anions, blue fluorescence was
observed only with ClO− under the UV light. These
results suggested that the test kits coated with BPI-
MAL can be used for detection of ClO− in an easy
and rapid way.

Calculations

To get the structural information on BPI-MAL and BPI,
theoretical calculations were performed based on the ex-
perimental results. The energy-minimized structures of the
two compounds were analyzed at the DFT/B3LYP/6-31G
(d,p) level (Fig. 7). The structure of BPI-MAL had a
twisted form having the dihedral angle of −142.46°

(1 N, 2C, 3C, 4C) (Fig. 7a), and BPI showed a similar
structure to BPI-MAL except for elimination of
diaminomaleonitrile group (the dihedral angle = −142.25°

for 1 N, 2C, 3C, 4C) (Fig. 7b).
To get understanding into the absorptions to the sin-

glet excited states for BPI-MAL and BPI, CAM-B3LYP
functional was applied in TD-DFT calculations and all
calculations were carried out with the optimized forms.
Transition energies and oscillator strengths of two

compounds were shown in Figs. 8, S4, and S5. The
MOs of BPI-MAL were calculated to be the HOMO-
1→ LUMO (6.24 eV) and HOMO → LUMO transitions
at the second lowest excited state (5.085 eV, 346.91 nm,
Fig. S4). The HOMO-1→ LUMO excitation showed
π→ π* transition. Electron density of BPI-MAL in both
HOMO-1 and LUMO was main ly loca l ized in
diaminomaleonitrile group. The HOMO → LUMO tran-
sition was analyzed to be ICT (intramolecular charge
transfer) transition, showing transfer of electron density
f rom the imidazo[1 ,5-α ]pyr id ine group to the
diaminomaleonitrile one. With BPI, the main MO contri-
bution was calculated to be HOMO → LUMO+3 transi-
tion at the 5th lowest excited state (7.188 eV, 266.95 nm,
Fig. S5). The transition was assigned to be π→ π* tran-
sition. Electron density of both HOMO and LUMO was
localized in imidazo[1,5-α]pyridine moiety. Moreover,
increased energy gap of BPI was corresponded with the
hypochromic shift of the UV-vis spectra. These results
led us to propose that as a result of cleavage of
diaminomaleonitrile group in BPI-MAL, predominant
π→ π* transition in fluorophore BPI induced the en-
hancement of fluorescence emission.
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Conclusion

We presented an imidazo[1,5-α]pyridine-based fluorescent
chemodosimeter BPI-MAL for the selective sensing of
ClO−. BPI-MAL alone displayed no fluorescence, whereas
the fluorescence intensity with high quantum yield (22 folds)
was significantly enhanced upon the addition of ClO−. BPI-
MAL selectively reacted with ClO− over the various analytes
including ROS, through de-diaminomaleonitrile reaction.
Moreover, test kit experiment was successfully performed
using BPI-MAL-coated filter paper for practical use. The
sensing property of BPI-MAL toward ClO− was illustrated
by fluorescence and UV-vis spectroscopy and 1H NMR titra-
tions. The mechanism of ClO−-induced fluorescence behavior
was further explained by DFT calculations. Thus, we expect
that these results will contribute to the design and develop-
ment of novel fluorescent chemodosimeters for sensing ClO−.
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