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ABSTRACT

5-Nitro-2-hydroxybenzaldehyde (1) demonstrated to be a sensitive, and a selective
molecular probe for cyanide ion (CN-) in aqueous media. In acetonitrile, compound 1 shows
sensitivity and selectivity for cyanide, acetate and fluoride, in comparison to other
investigated anions using both visual and spectroscopic means. In aqueous solution, the
color becomes intense yellow upon addition of cyanide, while acetate showed this effect to a
much lower extent. Significant spectral changes were also detected with the appearance of
two new absorption bands at 358 and 387 nm. This was accompanied by concomitant
intensity decrease for the band at 314 nm. Fluoride, dihydrogen phosphate, chloride,
bromide, perchlorate, and azide showed negligible color and spectral changes for the probe
in aqueous solutions. On the other hand, hydrogen sulfate caused fainting of the yellow color
and gave a spectrum similar to that of the sensor in polar aprotic solvents. The cyanide ion
was detected at micro molar levels in aqueous solutions with a stoichiometry of 1:1 for CN:
probe in acetonitrile as the solvent. Cyanide, hydroxide, acetate, fluoride and dihydrogen
phosphate showed identical changes to color and spectra, indicating a hydrogen bonding
and a deprotonation mechanism.

Cite this: Eur. J. Chem. 2018, 9(4), 338-346 Journal website: www.eurjchem.com

1. Introduction

Cyanide, as one of the most hazardous chemical in the
environment, presents a danger to human health [12]. It is

Anions play an important role in biological and chemical
processes. They have important impact and applications in
medicine, pharmacy, biology, material science, and chemical
industry. For example, fluoride is used in treating osteo-
porosis, dental caries and water fluoridation. Other anions
such as acetates and phosphates are important in many
biological reactions. In spite of all its advantages, fluoride has
side effects at high concentrations such as being toxic and can
cause cancer. It is poisonous and a by-product from hydrolysis
of the nerve gas, sarin [1]. The development of selective and
sensitive anions sensors is of high interest to researchers in
many fields for selective monitoring, determination and
evaluation. Colorimetric and fluorimetric anion probes have
been targeted for being sensitive, low cost methods of
detection. A number of reviews and reports in this field were
published recently [2-11].

known to be fatal at levels 20-25 uM and the highest allowed
concentration of cyanide in drinking water should be lower
than 1.9 uM. Exposure to cyanide in the environment comes
from its use for production of organic chemicals such as nylon
and acrylic plastics, electroplating, metal processing, photo-
graphic applications, cyanide fishing, automobile exhausts, and
natural sources. Cyanide is present at low levels in insects,
plants including vegetables, fruits’ seeds, and nuts. It is a
natural protection tool for these species from predators.
Cyanide is also a hydrolysis product of the nerve gas warfare
tabun [13]. Consequently, there is an urgent demand for the
development of an efficient, selective, and sensitive methods
for cyanide detection and monitoring in aqueous systems, soil,
and air, in addition to its possible use in forensics [14].

There have been many advancements in the field of
cyanide detection, and a number of cyanide sensors have been
developed [15].
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Figure 1. UV-Vis spectra of compound 1 in water, acetonitrile, and a mixture water:acetonitrile (1:9, v:v).

The sensing mechanism is based on either hydrogen
bonding or chemodosimetry. For the hydrogen bonding
mechanism a number of receptor moieties were investigated
such as phenol [16], urea, thiourea [17], amides [5], Schiff
bases [4,18-20], squarylium ions [21] and many more are
continuously developing [22].

In terms of chemodosimetry approach for detection of
cyanide, the nucleophilic reactivity of cyanide is utilized to
gain specificity [23]. These reactions are demonstrated in dis-
placement at metals; copper [24-27], boron [28], cobalt
[10,29] and iron [30]. Addition reaction like conjugate addition
to enone [26,31] by Michael-type addition [32-34], addition to
aldehydes [22,28,35-37], ketones [38-40], amides [4,41,42],
iminium ions [23,43-46] and thiourea [47,48]. Many of these
methods exhibited limitations of poor selectivity and
incompatibility in aqueous solutions. Most of these sensors
have been used in organic solvent but do not work well in
aqueous system. Few of these sensors were done in binary
aqueous system [20,49, 50]. Among these sensors are
coumarin derivatives [51] and acridinium salts [52]. None of
these sensors is very soluble in water [53], therefore, an
organic co-solvent had to be employed. Introducing a sensor
that is soluble in water and the detection is not diminished by
purely aqueous medium is still a challenging task. In the
present work, we are presenting, 5-nitro-2-hydroxybenz-
aldehyde (1), as a selective and sensitive cyanide ion probe in
water and in acetonitrile.

2. Experimental

5-Nitro-2-hydroxybenzaldehyde (1) was purchased from
Aldrich and used without any further treatment. NMR data
were recorded on Bruker Avance 400 MHz spectrometer in
deuteriated solvents. Titrations were performed in HPLC
grade acetonitrile or deionized water. UV-vis spectra were
recorded on Cary 50 in quartz cuvettes. Compound 1 stock
solution (1.0x10-3 M) was made in water. For higher concent-
rations it was dissolved in 1 mL of ethanol first then diluted
with deionized water to the desired volume. Stock solutions
(1.0x102 M) of the anions were made using tetrabutyl
ammonium salt of the anions in acetonitrile, or the sodium salt
in deionized water.

2.1. Computational method

All calculations in this work were carried out using
GAUSSIAN 03 program package [54]. The Becke three
parameters hybrid exchange [55] and the Lee-Yang-Parr
correlation functionals [56] (B3LYP) were used. Geometry
optimization of the studied molecules was carried out with the
Density Functional Theory (DFT) method using 6-31G(d,p)
basis set in vacuum. The obtained structure was optimized
again using 3-21G* basis set in water using Polarized
Continuum Model 3 (PCM). The optimized structure in water
(used for later calculations) were done using higher basis set
6-31G(d,p). Time-Dependent Density Functional Theory (TD-
DFT) [57,58], using 6-31G(d,p) basis set, was performed, in
water, using the PCM model. The lowest 20 singlet-to-singlet
spin-allowed excitation states were taken into account for TD-
DFT calculations [59].

3. Results and discussion

3.1 UV-vis spectra of compound 1 in protic and in polar
aprotic solvents

The aqueous solution of compound 1 (1.0x10-3 M) is
yellow, while in acetonitrile is almost colorless. The presence
of the yellow color is indicative of dissociation, resulting in a
charge transfer band. This dissociation results in the formation
of the phenolate ion 2 (Scheme 1), which is responsible for the
observed color.

The UV-vis spectra of compound 1 were recorded in
acetonitrile, water:acetonitrile (v:v, 1:9) and water solutions.
The spectra showed a band at 298 nm in acetonitrile while in
aqueous media it shifts to 314 nm, and an additional band
appears at 387 nm associated with solvent effect. This red shift
of the 298 nm peak indicates that it originates from n —» m*
transition. These results are presented in Figure 1.

The dissociation was also detected in the NMR spectra of
the compound in organic solvents and in D20. In acetonitrile-
ds3, CDCls or DMSO-ds, a well-defined spectrum with very
distinct peaks that represent the compound, were observed.
Upon addition of D20 the solution turns yellow and a complex
spectrum is obtained in both 'H- and 13C-NMR. This indicates
the formation of a new species constituting 17% of the
mixture.
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Figure 2. UV-vis spectra of compound 1 (1.0x10-4 M) in acetonitrile with various TBA salts of the anions (3 equivalents).
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Figure 3. UV-vis spectra for titration of compound 1 (1.0x10-4 M) in acetonitrile with incremental increase of various TBA anions in acetonitrile at 425 nm.
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Figure 4. UV-Vis spectral changes of compound 1 (1.0x10-¢M) in CH3CN, upon the addition of 0-3 equivalents of F-.

3.2 Titration of compound 1with various anions in
acetonitrile

UV-Vis spectra of (1.0x10#* M) of compound 1 in the
presence of 3 equivalents of cyanide, acetate, dihydrogen
phosphate (DHP), fluoride, chloride, bromide, azide, per-
chlorate and hydrogen sulfate as their tetrabutyl ammonium
salt were recorded. The results are shown in Figure 2. As
obviously seen, cyanide, fluoride, acetate, dihydrogen phosp-
hate anions selectively cause dramatic effects on the spectrum
of compound 1 with the appearance of two bands at 368 and
425 nm and the diminishing intensity of the band at 298 nm.
Other anions did not show any significant color or spectral
change.

Titrations of compound 1 with varying amounts of anions
were performed. A direct relationship was noticed between
the intensity of the bands at 368 and 425 nm, and the added

amount of interacting anions. The absorption plateaued upon
addition of 1 equivalent of cyanide and acetate, while 2 and 3
equivalents for fluoride and dihydrogen phosphate were
needed, respectively, Figure 3.

The titration curves with fluoride, cyanide, acetate,
dihydrogen phosphates are presented in Figures 4-7, respect-
tively. An isosbestic point is observed at 330 nm indicating the
formation of a complex.

3.3. Stoichiometry and binding constants

The stoichiometry in the complex was obtained by Job
plots for a total concentration of sensor and anion as 1.0x10-#
M. The job plots were performed and showed 1:1 stoichio-
metry for cyanide, hydroxide, fluoride, acetate and 2:1 for
DHP.
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Figure 7. UV-Vis spectral changes of compound 1 (1.0x10-#M) in CH3CN, upon the addition of 0-3.5 equivalents of HzPO4-.

The stoichiometry for DHP may be explained based on
dimerization to HsP207 [45,60]. The binding constants (K)
were obtained according to Benesi-Hildebrand method, K =
4.5x103+1.73x101 K = 1.7x103+49, K = 3.2x103+81, K =
3.2x103+81 for cyanide, hydroxide, acetate, fluoride, DHP,
respectively.

3.4. Titrations of compound 1 in water

The selectivity in acetonitrile, observed with non-basic
anions, is attributed to hydrogen bonding. The interaction is
diminished upon addition of water that competes for the
anions and forms hydrogen bonding, indicated by color fading.
Such phenomenon was utilized to enhance the selectivity
towards cyanide. Cyanide is highly nucleophilic in water, so it
interacts strongly with the probe to give a distinguished color

change. Hydroxide ion (being a strong base) deprotonated the
probe giving similar color and spectral changes. Acetate with
lower basicity exhibited moderate to weak interaction. Indeed,
the titration experiments in water showed such trend. The
interaction of these anions in water, the spectral changes are
presented in Figure 8 and the effect of tested ions is demonst-
rated in Figure 9.

The interaction of cyanide is expected to be due to
nucleophilic addition to the aldehyde carbonyl, followed by an
intramolecular proton transfer from the phenolic oxygen to
give cyanohydrin compound 3, as presented in Scheme 2. This
in turn would lead to charge transfer, and more intense color,
thus to the described spectral changes (vide supra). The UV-Vis
absorption plots with varying amounts of added anions are
shown in Figure 10.
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Scheme 2. Mechanism of addition of cyanide to form the cyanohydrin conjugate base.

3.0

~——Compound 1
Chloride
—lodide
—Dihydrogen phosphate
—Acetate
Thiocyanate

25

= g
2 o

Absorbance (AU)

o

0.5

~——Fluoride

Bromide
——Cyanide
—Dihydrogen arsenate
—Azide

Hydroxide

250

350

400 450 500

Wavelength (nm)

Figure 8. The UV-Vis spectra of compound 1 (1x10-4 M) in aqueous solution with the presence of different anions (3 equivalents).
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Figure 9. Bar graph of absorbance intensity change at 388 nm of 1.0x10-* M compound 1 in water in the presence of 3 equivalents of indicated anions.

The interaction with cyanide and hydroxide caused an
increase in the intensity of color and the absorption bands at
358 and 387 nm, and a decrease in that of the peak at 314 nm,
with both cyanide and hydroxide ions.

The formation of the phenolate is confirmed by NMR
studies that clearly demonstrate the structural changes in
compound 1 upon addition of cyanide. The formation of
cyanohydrin is clearly confirmed by the appearance of a peak
at § 5.67 ppm in 'H NMR (CHOHCN) and disappearance of the
aldehyde proton at & 10.02 ppm [61]. The phenoxide
formation is indicated by the up-field shift of the aromatic
hydrogens due to shielding effect of the negative charge in
addition to the disappearance of the phenolic proton. Again, a
dramatic effect was observed in the 13C NMR by the
appearance of a signal at § 60.02 ppm for the cyanohydrin
carbon and decrease of the aldehyde carbonyl carbon at 6
193.14 ppm and up-field shifting of the aromatic carbons.

On the other hand, hydrogen sulfate caused the peaks at
368 and 387 nm to decrease in the UV-vis spectrum, while that
at 314 nm to increase. This is due to protonation of the
phenolate anion and the shift in the equilibrium to the left in
Scheme 1.

3.5. Titration of compound 1 with sodium cyanide, sodium
hydroxide in water

A solution of 1.0x10* M of compound 1 in water was
titrated with varying amounts of sodium cyanide. The UV-vis
spectra are presented in Figure 11.

Titration of compound 1 with varying concentration of
sodium hydroxide and acetate in water gave results analogous
to that of cyanide. This supports the mechanism proposed for
cyanide (presented in Scheme 2) that resulted in a gradual
hyper-chromic shift of the band at 387 nm. These results are
depicted in Figure 11. The binding constants of the significant
ions respectively are K = 3.19x103+25, K = 3.69x103+413, K =
2.56x103+250 for hydroxide, cyanide and acetate. Cyanide
presents the highest binding constant and a stoichiometry of
1:1 as deduced from Job’s plot in Figure 12. The lower detec-
tion limit for cyanide was found to be 0.51 pM in acetonitrile
and 1.45 uM in water.

Compound 1 showed no color or significant spectral
changes in aqueous solutions in the presence of fluoride or
DHP ions, as water eliminates the effect of hydrogen bonding
in the interaction.
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Hydrogen sulfate causes the yellow color of the solution to
fade and the band at 387 nm to decrease and the absorption at
314 to increase

3.6. Theoretical calculations

DFT and TD-DFT calculations, in water, were performed
for the three molecules; the phenol compound 1, the phenolate
anion 2 and the corresponding cyanohydrin conjugate base 3.
Molecular Orbitals (MOs) energy values for the species are
presented in Table 1, and the corresponding energy levels
diagrams for MOs are shown in Figure 13. Expected spectrum
from theoretical calculations is shown in Figure 14. Calculation
results found that the HOMO-LUMO (H-L) energy gaps for the
phenol and phenolate forms are around 4.03 and 3.55 eV,
respectively. This explains the red shift observed experiment-
tally by UV-Vis spectroscopy upon deprotonation of the phenol

form. Similar observations were found for the cyanohydrin
conjugate base 3, which has an energy gap, around 3.26 eV. It
is obvious that the molecular orbitals of compound 3 are
different from those for compound 2, in some cases the
difference is very large, like the ones between L+1 and L+3
orbitals. However the difference is minimal for HOMO m-
orbital which might indicate that CN group is not contributing
significantly to the orbital. To create a better picture about the
absorption spectrum of the studied molecules and the effect of
nucleophilic addition of CN group to the aldehyde carbonyl],
the TD-DFT calculations were performed for the three
molecules in water using PCM model. Keeping into conside-
ration that the PCM model is simulating the solvent as a
dielectric continuum and, therefore, only solvent-solute non-
specific interactions are considered. Thus, difference between
experiment and theory should be expected since specific
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Table 1. Energy values of MOs in eV obtained by DFT calculations in water.

Molecular orbital Compound 1 (Phenol) Compound 2 (Phenolate) Compound 3 (-CN Phenolate)
L+3 +0.89 +1.85 +1.19
L+2 -0.10 +0.92 +0.81
L+1 -2.11 -1.08 -0.32
L -2.95 -1.85 -2.09
H -6.98 -5.40 -5.35
H-1 -7.26 -5.78 -6.11
H-2 -7.68 -6.83 -7.03
H-3 -8.14 -7.05 -7.17

Table 2. Computed excitation energies, and transition oscillator strengths (f) (transitions with wavelength > 250 nm just listed).

Compound 1 Compound 2 Compound 3
A (nm) F A (nm) F A (nm) F
359.7 0 399.9 0 403.4 0.0021
3474 0 364.1 0.3677 364.9 0.5578
335.4 0 363.8 0.0124 351.2 0.0006
333.1 0.3117 322.3 0 299.6 0.0002
314.6 0.0269 316.6 0.2045 297.6 0.0023
310.3 0.0001 292.9 0 286.0 0.0725
286.1 0.1249 2771 0.0184 261.4 0.0009
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Figure 13. MO energy diagram for the studied molecules.
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Figure 14. Expected (via theoretical calculations) spectrum for compounds 1-3 defined in text.

solvent-solute interactions are important when dealing with
water as solvent.

Electronic absorption spectra of molecules 1, 2 and 3,
were computed using TD-DFT calculations. The lowest 20
singlet-to-singlet spin-allowed excitation states in water were
taken into account for the calculations of the electronic
absorption spectrum for the optimized molecules via TD-DFT
method using 6-31G(d,p). The calculated energy of excitation
states and transition oscillator strength (f) are shown in Table
2. The absorption spectra of compounds 1, 2 and 3 were
simulated using GaussSum software based on the obtained TD-

DFT results. Each excited state was interpolated by a Gaussian
convolution with the full width at half-maximum (FWHM) of
3000 cm. Figure 14 shows that the simulated spectra of the
studied molecules. TD-DFT calculations show that the broad
band centered at 314 nm (experimental) (calculated: 334 nm)
for compound 1 shows a red shift to around 366 nm (calcu-
lated) upon deprotonation of compound 2. Approximately, the
same shift was observed for the cyanohydrin 3. This red shift
is in accordance with the experiment (Figure 8). It is
interesting to note that the position of the peak in the red
region of the spectrum is the same for compounds 2 and 3.
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This is also in agreement with the experimental findings.
However, the experimentally observed spectrum Figure 8
reveals the splitting of peak for both molecules, a result that
was not obtained by the present calculations. Examining the
excitation energies presented in Table 2 reveals the existence
of transitions occurring at around 400 nm for compound 2 and
3 but with low or zero oscillator strength and hence were not
contributing significantly to the simulated spectrum. It should
be noted here that the oscillator strength is very sensitive to
basis set error or solvent effect, which may be the reason
behind underestimating the oscillator strength for transition
around 400 nm. This also can be seen in the unequal intensity
of the peak around 366 nm (calculated) for compound 1 and 2
whereas similar intensities were obtained experimentally.

4. Conclusion

5-Nitro-salicylaldehyde proved to be selective, sensitive
anion sensor. It is sensitive and selective to fluoride, cyanide,
acetate, and dihydrogen phosphate in organic solvents such as
acetonitrile with a stoichiometry of 1:1. Compound 1 is highly
selective to cyanide as chemodosimeter in pure water solution.
Theoretical calculations were in agreement with the experi-
mental results
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