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A new colorimetric and “turn-on” fluorescent probe was developed for detection of cyanide anion. The 

detection of cyanide was performed via the nucleophilic addition of cyanide to the indolium group of the 

probe, resulting in a huge color change from purple to colorless and the fluorescence enhancement. The 

probe showed high sensitivity and selectivity for cyanide over other common anion species in aqueous 

ethanol solution. The limit of detection was found to be as low as 21 nM. In addition, the live cell 10 

imaging experiment demonstrated the practical value of the probe in tracing CN- in biological systems. 

1. Introduction  

Anions recognition chemistry has received considerable attention 
in the past decades due to their important role in a wide range of 
biological, environmental and chemical applications.1 Among 15 

various anions, cyanide anion (CN-) is widely utilized in many 
industrial processes, including gold mining, electroplating, 
metallurgy and resins industry.2 However, it is extremely toxic 
and can lead to many functions in human body, such as vomiting, 
convulsion, loss of consciousness, and eventual death.3 20 

According to the World Health Organization (WHO), the 
maximum permissive level of cyanide in drinking water is only 
1.9 µM.4 Therefore, it is highly desirable to find an efficient way 
for sensitive and selective detection of cyanide anions.   

Various conventional methods, which are based on 25 

spectrophotometric,5 electrochemical,6 voltammetric,7 titrimetric8 
and other techniques,9 have been developed for its quantitative 
analysis. However, as a consequence of their often complex and 
time consuming nature and their reliance on instrumentation, the 
utilization of these methods is limited. Recently, a number of 30 

promising fluorescent probes and organic dyes have been 
constructed as optical sensors for cyanide anions.10 Among them, 
several sensor systems have been reported, involving utilization 
of the coordination of cyanide anion with metal ion,11 hydrogen-
bonding interactions,12 boronic acid derivatives,13 35 

deprotonation,14 and so on. What’s more, the nucleophilic 
addition reactions of cyanide were applied for sensing of cyanide, 
including reactions with oxazine,15 pyrylium,16 indolium,17 
pyridinium,18 acridinium,19 dicyano-vinyl group,20 
salicylaldehyde,21  trifluoroacetamide derivatives,22 and other 40 

highly electron deficient carbonyl groups.23 Despite their simple, 
inexpensive, and convenient implementation, drawbacks still 
exist for most sensors. Such as some of them just show high 
detection limits or generally display moderate selectivity over 
other anions,24 and the fact that the detection of cyanide cannot be 45 

performed in aqueous solution in some cases.25 Therefore, 

colorimetric and fluorescent probes for cyanide anion in aqueous 
solution,26 in particular, with high detection level and high 
selectivity, are still in great need. 

In this regard, we report a new fluorescent turn-on probe for 50 

detection of CN- in aqueous ethanol solution based on 
triphenylamine-hemicyanine dye (shown in Scheme 1). As its 
indolium 2-C atom is an effective target for nucleophilic addition, 
the cyanide anions can easily combine with it, thus, interrupts the 
conjugation between indolium and aldehyde resulting in 55 

spectroscopy changes.27 Upon addition of cyanide, the color of 
solution changed from purple to colorless accompanied with the 
increase in fluorescence, which achieved dual-channel sensing of 
cyanide anion. Importantly, probe 1 displayed lower limit of 
detection28 and higher selectivity29 than some reported probes. 60 

 
Scheme 1. Synthetic procedure and proposed cyanide-sensing mechanism of probe 

1. 

2. Experimental section 

2.1 Materials and Instruments 65 

1,2,3,3-tetramethyl-3H-indolium iodide, tetrabutylammonium 
salts were purchased from Sigma–Aldrich and used without 
further purification. 4-(diphenylamino)benzaldehyde (compound 
2) was prepared according the reported procedure.30 Reagents 
with analytical grades and deionized water were used for 70 

preparing the solutions. Stock solutions of CN-, F-, Cl-, Br-, I-, 
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were prepared from their tetrabutylammonium salts; NO3
-, HSO3

-

, SCN-, HPO4
2-, H2PO4

-, AcO-, SO4
2-, HS-, N3

- were prepared by 
direct dissolution of proper amounts of sodium salts. Aqueous 
Tris·HCl buffer (pH = 7.4, 10.0 mM) solution was used as buffer 
to keep pH value of testing system. 5 

1H NMR and 13C NMR spectra were measured on a Bruker 
AV-400 spectrometer. Absorption and fluorescence spectra were 
carried out on a Shimadzu UV 2100 PC UV-visible 
spectrophotometer and a Hitachi F-4500 fluorescence 
spectrometer, respectively. The pH values of the test solutions 10 

were measured with a glass electrode connected to a Mettler-
Toledo Instrument DELTA 320 pH meter (Shanghai, China) and 
adjusted if necessary. All the measurement experiments were 
performed at room temperature. 

2.2 Synthesis 15 

2.2.1 Synthesis of (E)-2-(4-(diphenylamino)styryl)-1,3,3-
trimethyl-3H-indol-1-ium iodide (probe 1) 

Probe 1 was conveniently prepared via the condensation of 4-
(diphenylamino)benzaldehyde (2) with 1,2,3,3-tetramethyl-3H-
indolium iodide (3) in ethanol. Compound 2 (0.828 g, 3.0 mmol) 20 

and compound 3 (0.903 g, 3.0 mmol), piperidine (0.3 ml, 3 
mmol) were dissolved in 30 ml ethanol. The reaction mixture was 
refluxed with stirring for 12 h under nitrogen. After cooling the 
solid was collected, washed with anhydrous ethanol, and then 
dried. The residue was purified by column chromatography on 25 

silica gel (CH2Cl2/ethanol, 20:1 v/v) to give 1 as a dark purple 
solid (1.25 g, Yield: 72.2%); 1H NMR (400 MHz, CDCl3) δ 8.04 
(dd, J = 18.8, 12.1 Hz, 3H), 7.62 (d, J = 15.8 Hz, 1H), 7.58 – 7.44 
(m, 1H), 7.38 (t, J = 7.4 Hz, 4H), 7.26 (d, J = 4.6 Hz, 2H), 7.20 
(d, J = 7.7 Hz, 4H), 7.01 (d, J = 8.4 Hz, 2H), 4.34 (s, 3H), 1.81 (s, 30 

6H); 13C NMR (101 MHz, DMSO) δ 181.27, 153.40, 152.71, 
145.66, 143.61, 142.35, 133.42, 130.60, 129.34, 129.05, 126.92, 
126.35, 123.28, 118.89, 114.99, 109.49, 52.06, 40.64, 40.43, 
40.22, 40.02, 39.81, 39.60, 39.40, 34.54, 26.24; HRMS (positive 
mode, m/z): Calcd. 429.2325, found 429.5428 for [M+H]+. 35 

2.2.2 Synthesis of (E)-2-(4-(diphenylamino)styryl)-1,3,3-
trimethylindoline-2-carbonitrile (1-CN) 

The 1-CN product could be conveniently synthesized via the 
condensation of 1 and 1.5 equiv. of (CH3CH2CH2CH2)4N(CN) in 
ethanol at room temperature, and purified by column 40 

chromatography on silica gel (CH2Cl2) (yield: 80%). Note: the 
product is very unstable, and will decompose when exposed in 
the air. 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 7.8 Hz, 2H), 
7.27 (t, J = 7.4 Hz, 4H), 7.17 (t, J = 7.6 Hz, 1H), 7.11 (d, J = 7.7 
Hz, 4H), 7.06 (d, J = 5.4 Hz, 6H), 6.85 (t, J = 7.3 Hz, 1H), 6.59 45 

(d, J = 7.8 Hz, 1H), 6.09 (d, J = 16.1 Hz, 1H), 2.78 (s, 3H), 1.53 
(s, 3H), 1.19 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 148.68, 
148.47, 147.35, 136.68, 135.65, 129.42, 129.06, 128.31, 127.90, 
124.78, 123.44, 123.08, 121.81, 120.59, 120.31, 117.53, 108.89, 
80.59, 77.40, 77.08, 76.76, 53.48, 49.14, 31.63, 24.56, 22.98; 50 

HRMS (positive mode, m/z): Calcd. 455.2361, found 456.2174 
for [M+H]+. 

2.3 Titration experiments of 1 

Probe 1 was dissolved in ethanol to afford a concentration of 1.0 
mM stock solution, which was then diluted to 2×10-4 M. The 55 

tetrabutylammonium cyanide was dissolved in Tris·HCl buffer to 

afford a concentration of 1.0 mM stock solution and then diluted 
to 10-4 M. In the titration experiments, we prepared a number of 
new solutions to afford the titration spectra, in which each curve 
corresponds to an independent new solution. In this way we could 60 

ensure the real concentration of probe 1 unchanged. The exact 
procedure was as follows: took 0.1 ml probe 1 solution of 2×10-4 
M to a centrifuge tube, and added 1.5 ml ethanol to it. Then a 
certain amount (such as x ml) of TBA cyanide solution of 10-4 M 
and (2.4-x) ml Tris·HCl buffer was added. Finally, a solution of 65 

EtOH:Tris·HCl buffer=4:6 (v/v) was used to adjust the total 
volume to 4.0 ml. Changes in the fluorescence intensity and 
absorption were recorded using a fluorescence spectrometer (λex 
= 345 nm, λem = 445 nm, slits: 5 nm/2.5 nm) and a UV-visible 
spectrophotometer, respectively. 70 

2.4 Test strips measurement 

The test strips were prepared by immersing TLC plates (3*1 cm2) 
in the EtOH solution of probe 1 (1.0 mM) and dried in air. Then 
they were deposed to various solutions of anions (1.0 mM) 
individually. 75 

3 Results and discussion 

 
Fig.1. Fluorescence intensity at 445nm of probe 1 (5.0 μM) in EtOH-H2O (4:6,v/v) in 

the absence and presence of CN
-
 measured as a function of PH. PH value were 

adjusted by the dilute solutions of NaOH and HCl, respectively. λex = 345 nm, slits: 5 80 

nm/2.5 nm. 

3.1 PH dependence of 1 

We first investigated the effect of pH on the fluorescence spectra 
of probe 1 (5.0 µM). From Fig. 1 we could find that the 
fluorescence intensity showed no apparent changes at pH values 85 

below 3, regardless of the absence and presence of CN-. This 
indicated that almost no reaction occurred between 1 and CN-. 
And it could be ascribed to the protonation of CN- decreasing the 
actual concentration of CN- in the sample solution. Between pH 5 
and 10, 1 kept stable and responded stably to CN-. However, at 90 

pH higher than 10, the fluorescent intensity of 1-CN decreased 
significantly. This could be attributed to the nucleophilic attack 
by OH- to 1. The results indicate that 1 could be used to detect 
CN- at a range of pH values (pH = 5 - 10). Considering the 
environmental and biological applications, we chose the pH to be 95 
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7.4 for the testing system. 

3.2 Absorption response of probe 1  

The changes of the absorption spectra of 1 upon titration with 
CN- in an EtOH-Tris·HCl buffer solution (10.0 mM, PH = 7.4, 
4:6, v/v) were recorded. As shown in Fig. 2, probe 1 exhibited a 5 

main absorption peak at 532 nm, which was ascribed to the 
typical intramolecular charge transfer (ICT) band of the 
triphenylamine-hemicyanine dye. With the increasing of CN-, the 
absorbance gradually decreased with a new peak appearing at 345 
nm until saturation after titration with 3.0 equiv. of CN-. 10 

 
Fig. 2. Changes in absorption spectra of 1 (5.0 μM) measured in EtOH-Tris·HCl 

buffer (10.0 mM, pH = 7.4, 4:6, v/v) upon addition of CN
-
. Inset shows the color 

changing of probe 1 (5.0 μM) in the absence and presence of CN
-
 (A: probe 1, B: 

probe 1 with CN
-
). 15 

Simultaneously, an obvious color change from purple to 
colorless was clearly observed, suggesting that the ICT was 
turned off due to the nucleophilic attack of CN- toward the 
indolium group of 1. Moreover, the plot of (1-A/A0), where A0 
and A were the respective absorbance at 532 nm in the absence 20 

and presence of CN-, vs. the concentration was found to be 
almost linear when the concentration of CN- was in the range of 
2.5 - 11.5 µM (Fig. S7). And we found a large color change with 
the CN- inducing from Fig. S8. Therefore, this probe could be 
potentially used as a colorimetric probe for CN- detection. 25 

 

Fig. 3. Fluorescence spectra of 1 (5.0 μM) in the presence of different amounts of 

CN
-
 (from 0 to 17.0 μM) in EtOH-Tris·HCl buffer (10.0 mM, pH = 7.4, 4:6, v/v); the 

inset shows photos of the solution of 1 (5.0 μM) in the absence (A) or presence (B) 

of CN
-
 (15.0 μM) under UV light (365 nm). λex=345 nm, slits: 5 nm/2.5 nm. 30 

3.3 Fluorescence spectral titration of probe 1 toward CN- 

Fig. 3A shows the fluorescence titration of probe 1 (5.0 µM) by 
different amounts of CN- (0 - 17.0 µM). The solution of probe 1 
was almost non-emissive in the absence of cyanide. Upon 
addition of CN-, the fluorescence intensity at 445 nm increased 35 

gradually. For instance, the fluorescence intensity increased by 
almost 80 times when the concentration of CN- reached 15.0 µM 
(Fig. 4A). And a visual fluorescence change from colorless to 
blue took place synchronously (Fig. S8).  

 40 

Fig. 4. (A) (I/I0-1) plots of probe 1 (5.0 μM) at 445 nm vs. the concentration of CN
-
, 

where I0 and I refer to the fluorescence intensity of aqueous solution for 1 at 445 

nm in the absence and presence of CN
-
, respectively; (B) The linear relation 

between [I/I0-1] and the CN
-
concentration in the range of 3.5 - 12.5 μM.  

The limit of detection (LOD) for probe 1 was also calculated 45 

based on the fluorescence titration. To determine the S/N ratio, 
the fluorescence intensity of 1 without CN- was measured by 10 
times and the standard deviation of blank measurements was 
determined to be 0.049. Under the present conditions, [I/I0-1] 
varies almost linearly vs. the concentration of CN- in the range of 50 

3.5 - 12.5 µM, with the coefficient R = 0.99692 as shown in Fig. 
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4B. The limit of detection was then calculated with the 
equation31: LOD = 3σbi/m, where σbi is the standard deviation of 
blank measurements, m is the slope between [I/I0-1] versus 
sample concentration. The limit of detection was measured to be 
21 nM. This indicates that probe 1 was a highly sensitive 5 

fluorescent probe for cyanide anions. 

 

 
Fig. 5. A): Fluorescence spectra of 1 (5.0 μM) with various anions in EtOH-Tris·HCl 

buffer (10 mM, pH = 7.4, 4:6, v/v). B): Variation of the relative fluorescence 10 

intensity at 445nm of probe 1 (5.0 μM) in the presence of competitive anions (F
-
, Cl

-

, Br
-
, I

-
, NO3

-
, SO4

2-
, HS

-
, AcO

-
, N3

-
, SCN

-
, H2PO4

-
, HPO4

2-
, HSO3

-
) and the fluorescence 

ratios of probe 1 (5.0 μM) to CN
-
 (3.0 equiv.) in the presence of 30 equiv. of other 

competitive analytes. Insert: black bar: 1+anion, red bar: 1+anion+CN
-
. λex = 345 

nm, slits: 5 nm/2.5 nm. 15 

3.4 Selectivity investigation 

Another important feature of probe 1 was its high selectivity 
toward CN- over the other competitive anions. Changes in the 
absorption spectra and fluorescence spectra of 1 (5.0 µM) were 
measured after addition of CN- and competitive species 20 

(including F-, Cl-, Br-, I-, NO3
-, SO4

2-, HS-, AcO-, N3
-, SCN-, 

H2PO4
-, HPO4

2- and HSO3
-) in EtOH-Tris·HCl buffer (10.0 mM, 

pH = 7.4, 4:6, v/v). As depicted in Fig. S9 and Fig. 5A, only 
addition of CN- resulted in significant UV-vis spectra change and 
large fluorescence enhancement. Meanwhile, “naked-eye” color 25 

changes occurred. In contrast, other anions did not show any 

apparent interference (Fig. S10).  
Moreover, detection of CN- was also examined in the presence 

of competitive anions. The results showed that recognizable 
fluorescence signal changes could be still observed after 30 

subsequent addition of CN- to the probe 1 solutions in the 
presence of various anions, indicating that detection of CN- using 
probe 1 in the presence of these interfering anions was still 
efficacious (Fig. 5B). Furthermore, the alteration of fluorescence 
intensity of 1 was negligible after addition of different metal ions 35 

as described in Fig. S11. Thus, all these investigations indicate 
that probe 1 was of highly selectivity for CN-. 

 
Fig. 6. The 

1
H NMR spectra of probe 1 and 1-CN. 

3.5 Cyanide binding studies of 1 40 

As illustrated in Scheme 1, the sensing mechanism could be 
reasonably explained by the nucleophilic addition reaction of 
cyanide anion with the polarized C=N bond of the indolium 
group. 1H NMR spectra was used to examine it. Fig. 6 depicts the 
1H NMR spectra of 1 before and after the addition of CN-. 45 

Obviously, upon addition of CN-, all of the 1H NMR signals were 
up-field shifted. For example, the N-methyl protons (Ha) 
displayed an up-field shift from 4.34 ppm (3H, Ha) to 2.78 ppm 
(3H, Ha'). Meanwhile, the singlet peak corresponding to protons 
in the two CH3 groups in probe 1 shifted from 1.81 ppm (6H, Hb) 50 

to 1.53 ppm (3H, Hb') and 1.19 ppm (3H, Hb''), forming two set 
of singlet peaks. This observation clearly suggested the 
nucleophilic attack of cyanide anion to the indolium group of 
probe 1 and formation of the 1-CN adduct, in which the electron-
withdrawing character of the indolium group was weakened, and 55 

as a consequence, up-field shifts generated. The Job’s plot (Fig. 
S13) evaluated from the fluorescence spectra also proved the 1:1 
binding stoichiometry between probe 1 and CN-. In addition, the 
1-CN adduct could be separated successfully, and 1H NMR, 13C 
NMR, HRMS analysis further confirmed the structure. (Fig. S2, 60 

Fig. S3 and Fig. S6) 

3.6 Theoretical Calculations 

To gain further insight into the mechanism of the color fading 
and fluorescence enhancement of 1 in the presence of CN-, 
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density functional theory (DFT) calculations were carried out at 
the B3LYP/6-31G(d) level using the Gaussian 09 program 
package.32 The optimized structures of 1 and 1-CN are shown in 
Fig. S14. As to 1, the indolium group was nearly coplanar with 
the phenyl unit via a conjugated bridge (–C=C–), the dihedral 5 

angle between them was 177.6°. Upon interaction of 1 with CN-, 
the complanation was inhibited, and the dihedral angle between 
the indole and phenyl groups of 1-CN changed to 91.8°. This 
structural difference gives rise to the significant difference in π-
conjunction between 1 and 1-CN. 10 

 
Fig. 7. The Calculated HOMOs and LUMOs distribution of 1 and 1-CN. 

Detailed information about the changes upon formation of       
1-CN could be obtained from time-dependent DFT (TD-DFT) 
calculations as well. The calculated molecular orbitals are shown 15 

in Fig. 7, HOMO of 1 was delocalized mainly onto the 
triphenylamine unit while LUMO delocalized over the phenyl 
and indolium groups. In contrast, both the HOMO and LUMO of 
1-CN were localized to only the triphenylamine unit. Therefore, 
the decreased fluorescence intensity of 1 could be attributed to 20 

ICT from triphenylamine unit to the indolium group. 
Nucleophilic addition of cyanide to the indolium group prevented 
ICT from occurring, resulting in an enhanced fluorescence 
emission from the triphenylamine unit.  

The calculated results of transitions with oscillator strength 25 

above 0.1 are summarized in Fig. S15. The calculated absorption 
wavelengths of 1 and 1-CN were 526 nm and 357 nm, 
respectively, with oscillator strengths of 1.3456 and 0.7646. TD-
DFT calculations showed one transition at 486 nm with an 
oscillator strength of f=0.0559 which corresponded to a HOMO-30 

LUMO transition. The calculations consistent highly with the 
experimental results, yet wavelength values are slightly 
overestimated. 

 
Fig. 8. Fluorescence microscope imaging of live GES cells with probe 1 (20.0 μM) 35 

before (b) and after (c) treated with CN
-
 (50.0 μM) for 30 minutes. Bright-field 

transmission imaging of GES cells was shown in (a). 

3.7 Application  

In order to demonstrate the practical application of probe 1 for 

the detection of CN-, the test strips were prepared to determine 40 

the suitability of a “dip-stick” method. After being immersed to 
the aqueous solution of CN-, the plate’s color changed from 
purple to colorless quickly. However, color variation was not 
detected for the plates after interaction with aqueous solutions 
containing other anions (including F-, Cl-, Br-, I-, NO3

-, SO4
2-, HS-

45 

, AcO-, N3
-, SCN-, H2PO4

-, HPO4
2-, HSO3

-) as depicted in Fig. 
S12. This phenomenon demonstrated that probe 1 could be used 
for the rapid detection of CN-. 

Probe 1 was then used for the imaging of CN- in cells to 
explore its potential biological application. The living GES cells 50 

(human breast cancer cells) were first incubated with probe 1 

(20.0 µM) for 30 minutes at 37℃ in 5% CO2 atmosphere, then 
washed with phosphate buffered saline (PBS, pH = 7.4) three 
times to remove residual dye from the cells, and induced the CN- 
(50.0 µM) into the solution for another 30 minutes. The 55 

fluorescence images revealed GES cells loaded with probe 1 
(20.0 µM) showed weak intracellular fluorescence (Fig. 8b). In 
contrast, cells displayed bright blue intracellular fluorescence 
(Fig. 8c) after inducing of CN-. These facts implied that probe 1 
had successfully immersed into the cells and could be used for 60 

imaging CN- in living cells. The living cell images also 
demonstrated it could be a useful molecular probe for studying 
biological processes involving CN- within living cells. 

4 Conclusions 

In summary, we have successfully developed a new colorimetric 65 

and fluorescent probe for the detection of CN-. The experimental 
results demonstrated that probe 1 displayed high sensitivity 
(LOD=21 nM) and selectivity for CN- towards other anions. The 
sensing mechanism was well supported by DFT/TD-DFT 
calculations. Moreover, the live cell imaging experiment showed 70 

it could indeed visualize the changes of intracellular CN- in living 
cells. Also, 1 could be developed as a simple paper test strip 
system for the rapid monitoring of CN-. We expect that this new 
probe will exploit potential applications in biological and 
environmental detection of cyanide in future work. 75 
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