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Abstract

A new colorimetric chemosensor with an electron-withdrawing group (-NO;) 1 for the
detection of CN™ and F° has been simply developed. Receptor 1 showed selectively
colorimetric responses to CN” in aqueous solution and F in acetonitrile, respectively. An
obvious color change of 1 from yellow to colorless was observed for CN through a
nucleophilic addition mechanism, while F~ was detected through deprotonating mechanism
with a distinct color change from pale yellow to orange. The binding modes of receptor 1
with two analytes (CN” and F") were proposed to be 1:1, based on Job plot, "H NMR titration,

and ESI-mass spectrometry analysis.
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1. Introduction

Anion recognition and sensing via artificial receptors are of key interest in analytical and
environmental chemistry because of their major role in chemical, biological and
environmental assays.'> Among various approaches such as fluorescence techniques and
electrochemical methods for the detection of anions, the most attractive approach focuses on
novel colorimetric anion sensors, which allow naked-eye detection of the color change
without resorting to the use of expensive instruments.®® Colorimetric materials have good
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points like low cost, rapid response rate, easy method and high selectivity. Therefore,

colorimetric sensors that are capable of recognizing anions have to be developed.

Among the anions, in particular, the cyanide and fluoride play an important role, exhibiting
specific biochemical behaviors in enzymes, antidotes, critical components of numerous
metabolic processes and in a broad range of industrial and pharmaceutical products.'®
Cyanide is among the most toxic inorganic anions for even a small amount being a serious
threat to human health.'” Tts toxicity results from its propensity to bind to the iron in
cytochrome ¢ oxidase, interfering with electron transport and resulting in hypoxia.'®2°
Cyanide could be absorbed through lungs, gastrointestinal track and skin, leading to vomiting,
convulsion, loss of consciousness, and eventual death.””?’ Despite its toxicity, its application
in various areas as raw materials for synthetic fibers, resins, herbicides, and the gold-
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extraction process is inevitable, which releases cyanide into the environment as a toxic

contaminant.

The monitoring of fluoride, the smallest anion with a high charge density, is of particular
interest due to their fundamental role. The fluoride is widely used in a number of applications
such as dental care,’ treatment of osteoporosis,’*** fluoridation of water supplies,’® and even
in chemical and nuclear warfare agents.”’® Fluoride is also relevant in industrial applications,
in particular, in the steel and aluminum industries, and widely employed as a well-established
reagent in organic synthesis.*** However, fluoride is absorbed easily by the body and
excreted slowly from the body.*' Therefore, the presence of excess fluoride resulted in dental
and skeletal fluorosis, bone diseases, mottling of teeth, lesions of the thyroid, liver and other

42-50 . . . . . . . .
organs. Thus, detecting and monitoring fluoride anion is very important for environment
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and human health care.

For these reasons, therefore, considerable effort has been devoted to the development of
novel methods for the detection of cyanide and fluoride in the past decade. For examples,
various chemosensors containing acidic NH and OH groups have been developed to detect
fluoride because it can form strong hydrogen bonds. Meanwhile, the detection of cyanide has
been accomplished through various approaches such as transition metals,’' the displacement
approach,” hydrogen-bonding interactions,”® deprotonation®* and nucleophilic addition
reactions.”>®" Based on the previous sensing mechanisms and the structures of various
chemosensors, we planned to attach electron-withdrawing groups such as -NO; to a
chemosensor, which might enhance both the deprotonation process and nucleophilic addition
reaction by each anion. Hence, we designed and synthesized a single molecular sensor 1 with

the electron-withdrawing group (-NO;) (Scheme 1).

‘ EtOH HCI

v 7

- O RT, %h
NO, HO

Scheme 1. Synthetic procedure of 1.

Herein, we reported a new receptor 1, which was synthesized in one step by coupling 5-
methyl-2-nitroaniline with 2-hydroxy-1-naphthaldehyde. The receptor 1 showed a selective
colorimetric sensing ability for cyanide by a distinct color change via a nucleophilic addition
mechanism in aqueous solution. Additionally, 1 could also recognize F* by an intense color

change from pale yellow to orange via a deprotonation mechanism.
2. Experimental

2.1. Materials and Instrumentation
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All the solvents and reagents (analytical grade and spectroscopic grade) were obtained from
Sigma-Aldrich and used as received. '"H NMR and >C NMR spectra were recorded on a
Varian 400 MHz and 100 MHz spectrometer. Chemical shifts (3) are reported in ppm, relative
to tetramethylsilane Si(CH3)4. Absorption spectra were recorded at room temperature using a
Perkin Elmer model Lambda 2S UV/Vis spectrometer. Electrospray ionization mass spectra
(ESI-mass) were collected on a Thermo Finnigan (San Jose, CA, USA) LCQTM Advantage
MAX quadrupole ion trap instrument. Elemental analysis for carbon, nitrogen, and hydrogen
was carried out by using a Flash EA 1112 elemental analyzer (thermo) in Organic Chemistry

Research Center of Sogang University, Korea.
2.2. Synthesis of 1

5-Methyl-2-nitroaniline (0.16 g, 1 mmol) and 2-hydroxy-1-naphthaldehyde (0.18 g, 1
mmol) were dissolved in 5 mL of ethanol. Then, three drops of hydrochloric acid were added
into the reaction mixture, which was stirred for 5 h at room temperature. The orange powder
was produced. The orange solid was collected by filtration, washed with diethyl ether and air-
dried. Yield: 50%. '"H NMR (400 MHz, DMSO-d) 5 14.93 (s, 1H), 9.61 (s, 1H), 8.54 (d, J =
8 Hz, 1H), 8.08 (d, /= 8 Hz, 1H), 8.00 (d, J = 12 Hz, 1H), 7.93 (s, 1H), 7.82 (d, J = 12 Hz,
1H), 7.58 (t,,J=8 Hz, 1H ), 7.40 (t, J = 8 Hz, 1H), 7.32 (d, /= 12 Hz, 1H), 7.02 (d, /= 8 Hz,
1H), 2.30 (s, 3H). >C NMR (100 MHz, DMSO-ds) & 171.68, 156.76, 147.06, 139.85, 139.57,
138.83, 133.74, 129.82, 129.05, 127.66, 127.49, 126.04, 124.78, 122.83, 121.83, 121.51,
110.25, 21.85 ppm. Anal. calcd for C;gH14N,O3 (306.10): C, 70.58; H, 4.61; N, 9.15 %.
Found: C, 70.23; H, 4.68; N, 8.79%. ESI-MS m/z (M+H"): calcd, 307.10; found, 307.38.

2.3. UV-vis titrations of 1 with CN and F

For CN’, 1 (3.1 mg, 0.01 mmol) was dissolved in DMSO (1 mL) and 9 pL of it (10 mM)
were diluted to 2.991 mL with DMSO/bis-tris Buffer (1:5, v/v) to make a final concentration
of 30 uM. Tetraethylammonium cyanide (TEACN, 0.1 mmol) was dissolved in DMSO (1 mL)
and 0-63 pL of the CN’ solution (100 mM) were transferred to the solution of 1 (30 uM)
prepared above. After mixing them for a few seconds, UV-vis spectra were obtained at room

4
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temperature.

For F', 1 (3.1 mg, 0.01 mmol) was dissolved in CH3CN (1 mL) and 6 pL of it (10 mM)
were diluted to 2.994 mL with CH3;CN to make a final concentration of 20 pM.
Tetraecthylammonium fluoride (TEAF, 0.1 mmol) was dissolved in CH3CN (1 mL) and 0-48
pL of the F solution (100 mM) were transferred to the solution of 1 (20 uM) prepared above.

After mixing them for a few seconds, UV-vis spectra were obtained at room temperature.

2.4. Job plot measurements

For CN’, 1 (3.1 mg, 0.01 mmol) and TEACN (1.56 mg, 0.01 mmol) were dissolved in
DMSO (1 mL), respectively. 0.15 mL of the receptor 1 solution were diluted to 29.85 mL of
DMSO/bis-tris buffer (1:5, v/v) to make the concentration of 50 pM. The CN’ solution was
diluted in the same way. 5, 4.5, 4, 3.5, 3, 2.5, 2, 1.5, 1, 0.5 and 0 mL of the receptor 1
solution were taken and transferred to vials. 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5 mL of
the CN™ solution were added to each receptor solution separately. Each vial had a total
volume of 5 mL. After shaking the vials for a few minutes, UV-vis spectra were taken at

room temperature.

For F', 1 (3.1 mg, 0.01 mmol) and TEAF (1.49 mg, 0.01 mmol) were dissolved in CH3CN (1
mL), respectively. 0.15 mL of the receptor 1 solution were diluted to 29.85 mL of CH3CN to
make the concentration of 50 uM. The TEAF solution was diluted in the same way. 5, 4.5, 4,
3.5,3,25,2, 1.5, 1, 0.5 and 0 mL of the receptor 1 solution were taken and transferred to
vials. 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5 mL of the F solution were added to each
receptor solution separately. Each vial had a total volume of 5 mL. After shaking the vials for

a few minutes, UV-vis spectra were taken at room temperature.

2.5. Competition of 1 toward anions

For CN, 1 (3.1 mg, 0.01 mmol) was dissolved in DMSO (1 mL) and 9 pL of this solution
(10 mM) were diluted to 2.991 mL with DMSO/bis-tris buffer (1:5, v/v) to make the final
concentration of 30 pM. Stock solutions (100 mM) of the tetracthylammonium salts of F’,
CN,, CI', Br and I, the tetrabutylammonium salts of AcO", H,PO,, BzO", N3~ and SCN’, and

5
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the sodium salts of HS™ and S*” anions were prepared in DMSO. 63 pL of each anion solution
(100 mM) were taken and added to 2.937 mL of the solution of receptor 1 (30 uM) to give 70
equiv of anions. Then, 63 pL of TEACN solution (100 mM) were added to the mixed
solution of each anion and 1 to make 70 equiv. After mixing them for a few seconds, UV-vis

spectra were obtained at room temperature.

For F', 1 (3.1 mg, 0.01 mmol) was dissolved in CH;CN (1 mL) and 6 pL of this solution (10
mM) were diluted with 2.994 mL of CH3CN to make the final concentration of 20 uM. Stock
solutions (100 mM) of the tetracthylammonium salts of F, CN, CI, Br and I, the
tetrabutylammonium salts of AcO’, H,PO4, BzO", N3” and SCN’, and the sodium salts of HS
and S* anions were prepared in DMSO. 48 uL of each anion solution (100 mM) were taken
and added to 2.952 mL of the solution of receptor 1 (20 uM) to give 80 equiv of anions. Then,
48 uL. of TEACN solution (100 mM) were added to the mixed solution of each anion and 1 to
make 80 equiv. After mixing them for a few seconds, UV-vis spectra were obtained at room

temperature.
2.6. pH effect test

A series of buffers with pH values ranging from 2 to 12 was prepared by mixing sodium
hydroxide solution and hydrochloric acid in bis-tris buffer. After the solution with a desired
pH was achieved, receptor 1 (3.1 mg, 0.01 mmol) was dissolved in DMSO (1 mL), and then 9
uL solution of the receptor 1 (10 mM) were diluted to 2.991 mL with DMSO/bis-tris buffer
(1:5, v/v) to make the final concentration of 30 pM. TEACN (0.1 mmol) was dissolved in
bis-tris buffer (1 mL, pH 7.0). 63 pL of the CN" solution (100 mM) were transferred to each
receptor 1 solution (30 pL) prepared above. After mixing them for a few seconds, UV-vis

spectra were taken at room temperature.
2.7. "H NMR titrations

For CN’, three NMR tubes of receptor 1 (3.1 mg, 0.01 mmol) dissolved in DMSO-d; (700
pul) were prepared and then three different concentrations (0, 1 and 2 equiv) of
tetracthylammonium cyanide dissolved in DMSO-ds were added to each solution of receptor
1. After shaking them for a minute, 'H NMR spectra were obtained at room temperature.

6
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For F, four NMR tubes of receptor 1 (3.1 mg, 0.01 mmol) dissolved in DMSO-d; (700 uL)
were prepared and then four different concentrations (0, 0.5, 1 and 5 equiv) of
tetraethylammonium fluoride dissolved in DMSO-ds were added to each solution of receptor

1. After shaking them for a minute, '"H NMR spectra were obtained at room temperature.

3. Results and discussion

The colorimetric chemosensor 1 for cyanide and fluoride was synthesized by combination
of 5-methyl-2-nitroaniline and 2-hydroxy-1-naphthaldehyde (Scheme 1), and characterized
by "H NMR, °C NMR and elemental analysis.

3.1. Colorimetric sensing of 1 toward CN”

The colorimetric selective sensing abilities of receptor 1 with various anions in a mixture
of DMSO/bis-tris buffer (1:5, v/v) were monitored by UV-vis absorption spectra (Fig. 1a).
Only the addition of CN" induced a distinct spectral change while other anions such as F,
AcO’, CI, Br, I', H,POy, BzO", N5, SCN’, HS and S* did not induce any spectral changes.
Consistent with the change of UV-vis spectrum, the solution of 1 resulted in an immediate
color change (less than one second) from yellow to colorless with cyanide ion (Fig. 1b). The
fast reaction of 1 with CN" is connected with the electronic effect of the strong electron-
withdrawing group -NO,. Therefore, these results indicate that receptor 1 can serve as a fast

‘naked-eye’ cyanide indicator in aqueous solution.
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(b)

1= LEN: TAcO: B E Cl= "B I' H,PO; BzO© Ny SCN- HS S

Figure 1. (a) Absorption spectral change of 1 (30 uM) in the presence of 70 equiv of various
anions in a mixture of DMSO/bis-tris buffer (1:5, v/v). (b) Color change of receptor 1 (30 pM)

in the presence of 70 equiv of various anions in a mixture of DMSO/bis-tris buffer (1:5, v/v).

To further investigate the interaction between receptor 1 and CN°, UV-vis absorption
spectral variation of 1 was monitored during titration with different concentrations of CN". As
shown in Fig. 2, a sharp decrease in the UV-vis absorption at 469 nm was observed after
adding of CN, and then the absorption at 285 nm increased gradually. This phenomenon
indicated that the conjugated electron network was lessened and the intramolecular charge
transfer (ICT) efficiency decreased, which results in color change from yellow to colorless.
The isosbestic point at 295 nm was clearly observed with increasing concentrations of CN’,

indicating the formation of a single species between the receptor 1 and the cyanide.
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Figure 2. Absorption spectra of receptor 1 (30 pM) upon the addition of CN™ in a mixture of
DMSO/bis-tris buffer (1:5, v/v). Inset: Absorbance at 469 nm versus the number of equiv of

CN' added.
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The Job plot indicated a 1:1 binding interaction between the receptor 1 and CN™ (Fig. S1),
which was further confirmed by ESI-mass spectrometry analysis (Fig. S2). The negative ion
mass spectrum of ESI-mass indicated that a peak at m/z = 551.00 was assignable to 1-
2H"+CN+TEA+5H,0 [calcd, m/z: 551.31]. Based on Job plot and ESI-mass spectrometry

analysis, we propose the sensing mechanism of CN"by 1 as shown in Scheme 2.

P4
\
Q
Z
Z

Scheme 2. Proposed sensing mechanism of 1 for cyanide.

Based on UV-vis titration, the apparent association constant (K) of 1 with the CN” ion was
calculated using the Benesi-Hildebrand equation (Fig. $3).° The K value turned out to be 4.1
x 10 M, which is within the values (10-10°) previously reported for CN° chemosensors.”
The detection limit (30/k) of receptor 1 for the analysis of CN” ions was calculated to be 105

uM (Fig. S4).%

To explore the ability of 1 as a colorimetric sensor for CN” in the presence of competing
anions, inhibition experiments were performed in the presence of CN™ mixed with various
anions (Fig. 3). No significant change in the absorbance was found when comparing the
results with other anions. These results indicate that receptor 1 shows an excellent selectivity
for cyanide anion in the presence of other anions, making it very useful in practical

applications.
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1+CN'+AcO' F'.CI Br I,
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Figure 3. (a) Competitive selectivity of 1 (30 uM) toward CN (70 equiv) in the presence of
other anions (70 equiv) in a mixture of DMSO/bis-tris buffer (1:5, v/v). (b) Colorimetric
competitive experiment of 1 (30 uM) in the presence of CN™ (70 equiv) and other anions (70
equiv) in a mixture of DMSO/bis-tris buffer (1:5, v/v).

To gain a fuller understanding of the interaction between 1 and cyanide, "H NMR titrations
of 1 were performed in the absence and presence of different equiv of the cyanide as the TEA
salt (Fig. 4). In absence of cyanide ion, the C=N proton (H,) and the OH proton (H;;)
appeared, respectively, as a singlet at 9.6 ppm and 14.9 ppm, and the aromatic protons of the
sensor 1 were resonated in the 9.0-6.0 ppm region. Upon gradual addition of cyanide, the H,
at 9.6 ppm disappeared and a new peak (Hy) at 6.5 ppm appeared, indicating that the cyanide
anion functioned as a nucleophile. The H, disappeared eventually and the aromatic protons
were shifted to upfield, which suggests that the negative charge developed by the attack of
CN™ was delocalized through the whole receptor molecule. The 'H NMR titration
experiments further supported the structure of 1-CN" species proposed in Scheme 2.
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Figure 4. "H NMR titration of receptor 1 with CN” in DMSO-d.

We investigated the effect of pH on the absorption response of receptor 1 to CN” in a series
of buffers with pH values ranging from 2 to 12 (Fig. 5). The color of the 1 remained in the
yellow region between pH 5 and 10, while the color of 1-CN" remained to colorless at pH 2-
12. These results indicate that CN™ could be clearly detected by the naked eye or UV-vis

absorption measurements using 1 over the wide pH range of 5-10.
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Figure 5. Absorbance of 1 and 1-CN” species (469 nm) at different pH values (2-12) in a
mixture of DMSO/bis-tris buffer (1:5, v/v).
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3.2. Colorimetric sensing of 1 toward F

We also investigated the sensing properties of 1 toward various anions in various solvents.
While 1 showed no selectivity toward various anions in most of organic solvents, only F~ was
sensed by 1 in CH3;CN. Therefore, the absorption response of 1 toward the
tetraecthylammonium (TEA) or tetrabutylammonium (TBA) or sodium salts of F', CN’, AcO’,
CI, Br, I, H,PO,, BzO", N5, SCN’, HS™ and S* was carried out in CH;CN (Fig. 6). Upon
addition of 80 equiv of each anion, F* induced a noticeable spectral change, while other
anions showed either no or slight change in the absorption spectra relative to the free receptor
1 except for CN (Fig. 6a). Interestingly, the solution color of 1 with fluoride changed from
pale yellow to orange with fast response time (less than one second), while the other anions
showed no color change (Fig. 6b). These results also demonstrate that receptor 1 can serve as

a fast “naked-eye” indicator for F’, as observed with CN".

(a)

0.5

only1,
1+AcO CI Br | H,PO_,
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(b)

1 CN° AcO" F CI Br T HpPOsBzO" Ny SCN° HS S*

Figure 6. (a) Absorption spectral change of 1 (20 pM) in the presence of 80 equiv of various

anions in CH3CN. (b) Color change of receptor 1 (20 uM) in the presence of 80 equiv of
12
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various anions in CH;CN.

The recognition properties of 1 with F~ were further studied by UV-vis titration experiments.
As shown in Fig. 7, the decrease in the absorption band at 379 nm was observed after adding
of F°, and then the absorption bands at 458 nm gradually reached maxima at 80 equiv of F".
The isosbestic point at 410 nm was clearly observed, indicating the formation of a single
species between the receptor 1 and the fluoride. The red-shift of 1-F species led us to
propose that the electron density in 1 might increase because of the deprotonation of phenol
of 1 by F". The resulting negative charge on the phenolate oxygen would be associated with
the enhancement of the push-pull effect of the ICT transition,”> which is highly visible to the
naked eye with a change in color from pale yellow to orange. The Job plot for the binding
between 1 and F~ exhibited a 1:1 stoichiometry (Fig. S5). The positive ion mass spectrum of
ESI-mass showed that a peak at m/z = 583.90 was assignable to [1-H +2TEA+H,0]" [calcd,
m/z = 583.42], which is corresponding to the receptor 1~ deprotonated by fluoride (Fig. S6).
From the UV-vis titration data, the apparent association constant (K) for 1 and fluoride was
determined as 1.7 x 10° using the nonlinear-fitting analysis of the change in the absorbance at
458 nm (R*=0.9952, Fig. S7).8” The detection limit (36/k) of receptor 1 for the analysis of F°
ions was calculated to be 60 uM (Fig. $8).%

0.8

s 3 83 R 2

0.6 -

Absorbance

2 o [0 0
Equivalent of F

0.4 {1

Absorbance

0.2

0.0 . | [ —
300 400 500 600 700

Wavelength (nm)

Figure 7. Absorption spectra of receptor 1 (20 uM) upon the addition of F~ in CH3CN. Inset:

Absorbance at 458 nm versus the number of equiv of F~ added.
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To explore the ability of 1 as a colorimetric sensor for F~ in the presence of competing
anions, inhibition experiments were performed in the presence of F* mixed with various
anions (Fig. 8). The coexistent anions had a small and negligible influence on the absorbance
of the sensing except for H,PO4. These results indicate that receptor 1 shows a good

selectivity for fluoride anion in the presence of other anions.

0.74

0.6/ |

05 14F,
I\ 1+4F AcO CI Br I BzO N, . SCN HS'§*

Absorbance

700

Wavelength (nm)

CN- AcO- CF Br I HPO; BzO- Ny SCN- HS- S

e — R — ———— e g <t it

I1 o IR I M < S =l

Figure 8. (a) Competitive selectivity of 1 (20 uM) toward F~ (80 equiv) in the presence of
other anions (80 equiv) in CH3CN. (b) Colorimetric competitive experiment of 1 (20 uM) in
the presence of F~ (80 equiv) and other anions (80 equiv) in CH;CN.

The sensing mechanism of 1 was further investigated by 'H NMR titration experiments at
room temperature (Fig. 9). In absence of fluoride ion, the phenolic OH proton (H,;) and the
imine proton (H4) appeared, respectively, as a singlet at 14.9 ppm and 9.6 ppm. Upon the
addition of F~ (0.5 equiv), the singlet of H;; almost disappeared by hydrogen bonding with
fluoride and H4 was shifted to upfield. After the further addition of F (1 equiv), the Hj;

disappeared completely. With the increasing of the fluoride concentration, the up-field shifts

14
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of the Hs and the rest protons were also observed except for H;, and a new peak at 16 ppm
appeared, indicating the formation of [HF,] species.®® Based on "H NMR titrations, Job plot,

and ESI-mass spectrometry analysis, we proposed the sensing mechanism of F~ by 1, as

732
85
1
FHF- A l
A
63
n 9 g5 10
1eq

shown in Scheme 3.

0.5 eq

Figure 9. 'H NMR titration of receptor 1 with F~ in DMSO-d.

F
—
P
N
NO, O NO;
HO

Scheme 3. Proposed sensing mechanism of 1 for fluoride.

excess F~

|

4. Conclusion

A new multifunctional colorimetric chemosensor 1 with the electron-withdrawing group (-

NO;) was synthesized and found to be sensitive to cyanide and fluoride with color changes

15
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through different sensing mechanism. 1 can distinguish CN" by the nucleophilic addition
mechanism in the presence of other anions such as CH;COO™ and F". Moreover, the receptor
1 recognized F selectively with a colorimetric change from pale yellow to orange by
deprotonation. The binding modes of receptor 1 with two analytes (CN™ and F’) were
proposed to be 1:1, based on Job plot, '"H NMR titration, and ESI-mass spectrometry analysis.
Importantly, it has been found that 1 with the strong electron-withdrawing group NO, showed
the fast detection processes by the electronic effects toward multi-analytes CN” and F". These
results suggest that receptor 1 with the electron-withdrawing group will offer an important

guidance to the development of a new type of receptors for recognizing both CN” and F".
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A colorimetric chemosensor with an electron-withdrawing group (-NO;) 1 for the detection of
CN and F" was developed.



