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Abstract
A novel CH-controlled colorimetric probe based on anthracene carboximide was developed for the near-
infrared detection of cyanide. The probe was constructed by attachment of a CHCN binding site to
anthracene carboximide �uorophore, and it showed a signi�cant visual change from yellow-green (535
nm) to deep violet (825 nm) with a larger redshift (≈290 nm) when interacting with cyanide. The C-H
deprotonation sensing mechanism was con�rmed by 1H NMR titration. Additionally, colorimetric test
paper was conveniently used to detect cyanide in aqueous solutions. The near-infrared detection of
cyanide by CH-controlled probes was founded for the �rst time.

Introduction
Anions have excellent applications in many �elds [1, 2], such as biology, chemical environment, among
which cyanide play key roles in pharmaceuticals, electroplating, and metallurgy [3, 4]. However, excessive
cyanide will cause serious harm to organisms and the environment. Cyanide can form stable complexes
with cytochrome-c oxidase in the bloodstream of mammals, disrupting the cellular respiration process,
and promoting subsequent cellular death [5, 6]. The World Health Organization (WHO) stipulates that the
concentration of cyanide ions in drinking water should not be higher than 1.9 µM [7, 8]. Therefore, the
development of an analytical method for cyanide detection is required. A lot of methods have been
employed to detect cyanide, for instance, titration [9], mass spectrometry [10], Raman spectroscopy [11],
potentiometry [12], chromatography [13], electrochemistry [14], �uorescence technique and colorimetric
methods [15]. The colorimetric method has attracted wide attention due to its low cost, convenient
operation, and
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rapid response [16, 17]. Therefore, the design of colorimetric probes is of great interest for detecting
cyanide conveniently.
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The design of colorimetric probes based on the signal unit (�uorophore or chromophore) with binding
sites (usually employed NH or OH) to detect cyanide have been widely studied due to its relative acidity of
NH or OH group, which can form hydrogen bonding with cyanide or induce deprotonation favoring the
�uorescent and colorimetric changes [18–21]. Recently, the activated CH group, such as the CHCN group,
was successfully employed as a binding site to develop a series of cyanide probes [22–26]. Especially,
similar naphthalimide �uorophore containing different binding sites, such as 1a (NH) [27], 1b (OH) [28]
and 1c (CHCN) [29], have different redshift wavelengths of probes with �uoride. Probe 1c displays drastic
color changes with an absorption wavelength shift of ~ 287 nm (Table. 1), and the wavelength shift is
more signi�cant than that of 1a (NH, 130 nm) and 1b (OH, 112 nm). The redshift of the probe might be
attributed to the CHCN deprotonation, making the probe framework more rigidity, which bene�ts the
electronic transfer. Considering the redshift property of CHCN group and continuing interest in developing
novel cyanide sensors with near-infrared responses, we proposed the synthesis of a CH-controlled
colorimetric probe based on anthracene carboximide.

Table 1
Comparison of the similar naphthalimide �uorophore with the

different binding sites (-NH, -OH and -CH group) for detection of
�uoride anions.

Probe λmax (nm) Probe + F- ∆λ (nm)

1a: R = C6H5CO

X = NH

360 490 130

1b: R = C4H9(CH3)2Si

X = O

362 474 112

1c: R = C5H4N

X = CHCN

350 637 287

To the best of our knowledge, anthracene carboxamide-derived framework as �uorophores for CN-

sensing and the cyanide sensing featuring at near-infrared (NIR : 700 ~ 1000 nm) region has yet to be
studied [30, 31]. In this work, a new CH controlled colorimetric probe 3 based on anthracene carboxamide
was developed for the near-infrared detection of cyanide (Fig. 1). The probe was constructed by
attachment of a CHCN binding site to anthracene carboximide �uorophore, and it could exhibit a
signi�cant visual change from yellow-green (535 nm) to deep violet (825 nm) with a huge redshift (≈ 290
nm) when interacting with cyanide.

Experimental

General information
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All solvents and reagents obtained from commercial suppliers and can be used unless further
puri�cation. Column chromatography was carried out using silica gel (200–300 mesh). The UV-visible
absorption spectrum was obtained using a SHIMADZU UV-1800 spectrophotometer. Fluorescence
emission spectra were measured using a Hitachi F-4600 �uorescence spectrophotometer. The 1H and 13C
NMR spectra were operated on the Bruker AVANCE III spectrometer (500 MHz for 1H NMR and 125 MHz
for 13C NMR), using tetramethylsilane (TMS) as internal standard. High resolution mass spectrums
(HRMS) were measured on a solanX 70 FT-MS spectrometer.

Synthesis of probe 3
The synthetic route to target probe 3 is shown in Scheme 1. It was conveniently synthesized by the
condensation of N-butyl-6-bromo-1,2-anthracene carboximide (1) [32] with 4-Nitrophenylacetonitrile (2) in
THF, using NaH as a catalyst. The structures of the compounds (3) were con�rmed by 1H NMR, 13C NMR,
HRMS. (Fig. S1–S3).

Under a N2 atmosphere, the mixture of NaH (60 %, 95 mg, 4.0 mmol) and 4-Nitrobenzeneacetonitrile (480
mg, 3.0 mmol) in THF (10 mL) was stirred at room temperature for 4 min, followed by the addition of
compound 1 (760 mg, 2.0 mmol). The reaction was proceeded at 50°C for 4 hours. After completion of
the reaction, the solution was cooled to rt, quenched with saturated citric acid, and extracted with
saturated aq solution of NaCl and ethyl acetate. The organic layer was washed with H2O and dried by
NaSO4, puri�ed via column chromatography using PE-DCM (2:1) mixture as eluant to obtain compound 1

with 84% yield (780 mg, 1.68 mmol) as a yellow solid. 1H NMR (500 MHz, CDCl3) δ: 10.15 (d, J = 9.5 Hz,
1H), 8.77 (d, J = 6.5 Hz, 1H), 8.45 (d, J = 8.0 Hz, 1H), 8.15–8.23 (m, 3H), 7.83 (t, J1 = 8.0 Hz, J2 = 7.5 Hz,
1H), 7.77 (t, J1 = J2 = 8.0 Hz, 1H), 7.68 (t, J1 = 8.0 Hz, J2 = 7.5 Hz, 1H), 7.49 (d, J = 8.5 Hz, 2H), 6.89 (s, 1H),

4.26 (t, J1 = J2 = 8.0 Hz, 2H), 1.73–1.80 (m, 2H), 1.45–1.52 (m, 2H), 1.00 (t, J1 = J2 = 7.5 Hz, 3H). 13C NMR
(125 MHz, CDCl3) δ: 164.6, 163.1, 147.9, 141.6, 137.0, 133.6, 133.2, 133.2, 130.7, 129.6, 128.9, 128.6,
128.4, 128.3, 127.7, 127.4, 124.7, 124.3, 123.8, 118.5, 117.9, 40.8, 35.9, 30.2, 20.5, 14.2. HRMS (ESI): m/z
calcd for C28H22N3O4 [M + H]+, 464.1610;found, 464.1610.

Results And Discussion

Solvent effect
The framework of anthracene carboximide may be sensitive to the surrounding medium. A series of the
absorption curves of probe 3 in different solvents were recorded and shown in Fig. S4a, S4b. The UV
absorption of probe 3 in low polarity solvents is relatively stable, and a strong absorption peak appeared
at 800–825 nm after the addition of cyanide ion (PE, DCM, THF, etc.). However, in strong polar solvents
(DMF, DMSO, MeOH, etc.), the moderate absorption peak still appeared at 800–825 nm in the absence of
CN-, showing that the probe 3 is sensitive to the high polar solvents. A maximum UV absorbance
response was observed in THF. Therefore, THF was selected as the optimum solvent to identify cyanides.
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UV-vis spectra response of probe 3 to cyanide ion
To tested the selectivity of probe 3 toward cyanide ion, a variety of anions were using, including F-, Cl , Br ,
I , HSO4 , H2PO4 , AcO , BF4 , NO3 , ClO4 , S2 , SCN  (as their TBA salts) in THF. As shown in Fig.2a, two

absorption peaks at 535 nm and 825 nm appeared when the CN  solution (TBACN) was added. Except for
H2PO4 , AcO  and F , the interference of other anions was almost negligible, indicating the excellent
selectivity of probe 3 for strong base anions. We propose that the reason of the probe 3 results from its
strong acidity of CHCN group, which can be enhanced by the remote electron-withdrawing group
(dicarbonyl group and nitro group). Moreover, the UV-vis spectra titration experiment of probe 3 with CN
(20 µM) were conducted in THF (Fig.2b). These new absorption peaks at 535 nm and 825 nm were
emerged and enhanced gradually with the addition of CN , concomitantly, the color of the solution
changed from yellow-green to deep violet. An excellent near-linear correlation between the absorbance at
825nm and cyanide ion concentration in THF solution can be observed in a range of 0–80 µM,
meanwhile probe 3 of the detection limit (LOD) was calculated to be 0.61 µM by applying equation LOD = 
3δ/S (Fig. S5). Table. S1 shows probe 3 is sensitive to cyanide. The result provides that probe 3 is
expected to be used as a quantitative detection of CN . Competitive experiments using other potentially
interfering ions were also recorded. Figure 2c shows that, except for H2PO4 , AcO  and F , the other anions
caused negligible interference in THF. In addition, the Job curves disclose the 1:1 binding stoichiometry of
probe 3 interact with CN (Fig. S6).

Figure 2 (a) UV-vis absorbance spectra change of probe 3 (20 µM) in the presence of various TBA salt
analytes (ca. 4.0 equiv.) in THF solution. Inset: Photograph of naked-eye color change of probe 3 with 4.0
equiv. anions (from left to right: probe 3 only, CN-, F , Cl , Br , I , HSO4 , H2PO4 , AcO , BF4 , NO3 , ClO4 , S2 ,

SCN ). (b) UV-vis titration spectra change of probe 3 (20 µM) containing different concentrations of
TBACN in THF solution. Inset: Plot of absorption intensity vs concentration of CN  at λ = 825 nm. (c).
Absorption intensity interference experiment of probe 3; black bar: probe 3 with speci�ed anion (20 µM),
red bar: probe 3 with speci�ed anion + cyanide ion (20 µM). (From left to right: CN , F , Cl , Br , I , HSO4 ,

H2PO4 , AcO , BF4 , NO3 , ClO4 , S2 , SCN ).

Fluorescence spectra response of probe 3 to cyanide ion
The �uorescence behaviour of probe 3 (20 µM) were recorded in THF solution. Probe 3 exhibited two
strong emission peaks at 480 nm and 520 nm initially. After the cyanide ions were added, the
�uorescence intensity reduced rapidly. Except for H2PO4

-, AcO  and F , other anions produced �uorescence
changes are almost ignorable (Fig. 3a). This �uorescence quenching was attributed primarily to the
deprotonation of the CH group when probe 3 interacted with the strong basic anions. Moreover,
�uorescence titration of probe 3 with increasing concentration of CN  was also examined in Fig. 3b. The
peaks at 480 and 520 nm decreased gradually around 4000-fold with the increase of CN  content from 0
to 80 µM. Obviously, other competitor anions, in particular �uoride, did not produce signi�cant
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�uorescence color changes, whereas on CN addition at the equal concentration could almost quench the
�uorescence completely. (80 µM) (Fig. 3c). These phenomena disclosed that probe 3 reveals excellent
selectivity for sensing of CN .

Figure 4 (a) Fluorescence emission spectra change of probe 3 (20 µM) in the presence of various TBA
salt analytes (ca. 4.0 equiv.) in THF solution. Inset: Fluorescence color change of probe 3 with 4.0 equiv.
anions (from left to right: probe 3 only, CN-, F , Cl , Br , I , HSO4 , H2PO4 , AcO , BF4 , NO3 , ClO4 , S2 , SCN ).
(b) Fluorescence titration spectra change of probe 3 (20 µM) containing different concentrations of
TBACN in THF solution. Inset: Plot of �uorescence intensity vs concentration of CN  at λ = 480 nm. (c).
Fluorescence intensity interference experiment of probe 3; black bar: probe 3 with speci�ed anion (20
µM), red bar: probe 3 with speci�ed anion + cyanide ion (20 µM). (from left to right: CN , F , Cl , Br , I ,
HSO4 , H2PO4 , AcO , BF4 , NO3 , ClO4 , S2 , SCN ).

Reversibility and reusability responses of probe 3 to cyanide
ion and application
Only a few reported chemical sensors could operate with optical reversibility and reusability, thus the
probe applications are limited in many �elds [33, 34]. To test the reversibility of probe 3, the UV-vis
spectrum study of [3 + CN-] complex to tri�uoroacetic acid (TFA) was performed. With the increase of TFA
content, these absorption bands at 535 and 825 nm gradually rise. When TFA increased to 8.0 equiv.,
These absorption peaks kept stable and reached the saturation state after addition of 8.0 equivalents of
TFA. Meanwhile the visible color has returned to the initial state of probe 3 from purple to yellow-green,
indicating that the deprotonated CH group could be acidic. Cyclic titration experiments were performed by
the addition of TFA and CN  repeatedly. The naked-eye visible color changed from yellow-green to purple
and then back to initial color, indicating that the whole deprotonation process is reversible, and probe 3
could operate with the advantage of the reusability. Fluorescence alternate titrations of [3 + CN ] complex
to TFA were also carried out. The emission peaks go up at 480 nm and 520 nm as the concentration of
TFA increase, and return to the original state of probe 3. Similarly, the reversible �uorescence responses
were studied by alternate titration experiments. Fluorescence state turned from ON to OFF and then return
to ON. It further demonstrates that probe 3 will be deprotonated by a strong basic anion followed by
protonation in an acidic environment to achieve the advantage of optical reversibility and reusability.
(Fig. 4a-4f).

To study the applicability of probe 3 in daily life, test strip experiments were conducted. The test papers
were immersed in the probe 3 solution (1mM, THF) for 2 hours and then dried naturally. Then the probe-
loaded test strips were dipped into TBACN solutions of different concentrations. The test papers showed
obvious visible color change from yellow to purple as the CN-concentration increased (Fig. S7).
Interestingly, the test paper can be reused by TFA (Fig. 5). Similarly, the silica gel plates showed that the
�uorescence intensity changed with the concentration of cyanide ions under a UV lamp at 365 nm after
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soaking in the probe solution for 2 hours (Fig. S8), �uorescence intensity returned to its original state
when interacting with TFA (Fig. 6). Therefore, probe 3 has potential application value in detecting CN .

1 H NMR titration experiments

To better understand the deprotonation of the probe 3, 1H NMR titration experiments were carried out in
CDCl3 solution (Fig. 7). As the content of CN- increased, the characteristic Hf band at 6.89 ppm
disappeared gradually and a new signal band appeared concomitantly at 6.54 ppm. After addition of 4.0
equiv. CN , the C-H band at 6.89 ppm diminished completely meanwhile other peaks range from 6.0 to
10.5 ppm move to some degrees. Thus, the deprotonation mechanism of probe 3 with cyanide ion had
been �nally con�rmed.

Conclusion
In summary, a novel colorimetric and �uorescent probe based on anthracene carboximide by CH-
controlled was designed. The near-infrared detection of cyanide by CH-controlled probe was reported for
the �rst time. Experiments showed that the probe with a huge UV absorbance redshift of 290 nm and
responded at 825 nm for detection CN- in THF solutions. Probe 3 also displayed excellent performance in
selectivity, anti-interference, and reversibility. The mechanism of the C-H group deprotonation was
con�rmed according to 1H NMR titration. Moreover, the practical applicability of probe 3 for detecting
cyanide ion has been studied by a series of experiments. Importantly, this work offers a novel strategy for
designing large redshift cyanide ion probes based on activated CH groups.
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Figure 1

The development of near-infrared colorimetric probe 3
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Figure 2

(a) UV-vis absorbance spectra change of probe 3 (20 µM) in the presence of various TBA salt analytes
(ca. 4.0 equiv.) in THF solution. Inset: Photograph of naked-eye color change of probe 3 with 4.0 equiv.
anions (from left to right: probe 3 only, CN , F , Cl , Br , I , HSO4 , H2PO4 , AcO , BF4 , NO3 , ClO4 , S2 ,
SCN ). (b) UV-vis titration spectra change of probe 3 (20 μM) containing different concentrations of
TBACN in THF solution. Inset: Plot of absorption intensity vs concentration of CN  at λ = 825 nm. (c).
Absorption intensity interference experiment of probe 3; black bar: probe 3 with speci�ed anion (20 μM),
red bar: probe 3 with speci�ed anion + cyanide ion (20 μM). (From left to right: CN , F , Cl , Br , I , HSO4 ,
H2PO4 , AcO , BF4 , NO3 , ClO4 , S2 , SCN ).

Figure 3

(a) Fluorescence emission spectra change of probe 3 (20 µM) in the presence of various TBA salt
analytes (ca. 4.0 equiv.) in THF solution. Inset: Fluorescence color change of probe 3 with 4.0 equiv.
anions (from left to right: probe 3 only, CN , F , Cl , Br , I , HSO4 , H2PO4 , AcO , BF4 , NO3 , ClO4 , S2 ,
SCN ). (b) Fluorescence titration spectra change of probe 3 (20 μM) containing different concentrations
of TBACN in THF solution. Inset: Plot of �uorescence intensity vs concentration of CN  at λ = 480 nm. (c).
Fluorescence intensity interference experiment of probe 3; black bar: probe 3 with speci�ed anion (20
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μM), red bar: probe 3 with speci�ed anion + cyanide ion (20 μM). (from left to right: CN , F , Cl , Br , I ,
HSO4 , H2PO4 , AcO , BF4 , NO3 , ClO4 , S2 , SCN ).

Figure 4

(a) UV-vis absorbance spectra change of [3 + CN ] complex (20 µM) in the presence of TFA. Inset: Plot of
absorption intensity vs concentration of TFA at λ = 825 nm. (b) Fluorescence emission spectra change of
[3 + CN ] complex (20 µM) in the presence of TFA. Inset: Plot of �uorescence intensity vs concentration of
TFA at λ = 480 nm. (c) Absorption intensity of probe 3 interact with CN  and TFA alternately. (d)
Fluorescence intensity of probe 3 interact with CN  and TFA alternately. (e) Visible color change of probe
3 interact with CN  and TFA alternately. (f) Fluorescence color change of probe 3 interact with CN  and
TFA alternately.

Figure 5

Visual color changes with addition CN and TFA.

Figure 6

Visual �uorescence changes with addition CN  and TFA under UV
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Figure 7

1H-NMR titration spectra of probe 3 (30 mM) in CDCl3 solution after addition of various equivalents
TBACN. From top to bottom: Probe 3, 1.0, 2.0, 3.0, 4.0 equiv.
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