
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

4:
51

:4
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Oxyethylene-sub
aDepartment of Chemistry, Birla Institute of T

500078, India
bDepartment of Chemistry, Kazi Nazrul Unive
cDepartment of Organic Chemistry, Indian

India. E-mail: sb@iisc.ac.in
dDepartment of Chemistry, Indian Institu

Tirupati, Andhra Pradesh-517507, India

† Electronic supplementary informa
https://doi.org/10.1039/d4su00756e

‡ Both authors contributed equally.

Cite this: RSC Sustainability, 2025, 3,
4020

Received 1st December 2024
Accepted 30th April 2025

DOI: 10.1039/d4su00756e

rsc.li/rscsus

4020 | RSC Sustainability, 2025, 3, 4
stituted bis-indolyl derivatives for
enhanced cyanide detection: mechanistic insights
and application in food safety analysis†

Nilanjan Dey, ‡a Subham Bhattacharjee,‡b Namita Kumaric

and Santanu Bhattacharya *cd

In this study, we synthesized highly colored, oxidized bis-indolyl derivatives featuring oligo oxyethylene

chains on the central phenyl ring, significantly enhancing the solubility of the probe molecule in water.

This improved solubility enabled a pronounced response to cyanide ions, facilitating naked-eye

detection via a color-changing response and a turn-on fluorescence response (detection limit of ∼17

ppb). Mechanistic investigations revealed a time-dependent, two-step interaction with cyanide. Initially,

hydrogen bonding or deprotonation of the indolyl-NH protons by cyanide caused an immediate color

change from red to yellow. Over time, a Michael addition reaction triggered by cyanide further altered

the color of the solution to colorless, disrupting the conjugation. The formation of the chemodosimetric

adduct was confirmed using 1H NMR, 13C NMR, and mass spectroscopies. The system also successfully

detected endogenous cyanide in cassava, both in aqueous extracts and on the vegetable surface

(without any pretreatment). In addition, we evaluated conventional washing techniques for cyanide

removal from cassava, highlighting the potential of these oxidized bis-indolyl derivatives for cyanide

detection and remediation in crops.
Sustainability spotlight

In addition to the detection of free cyanide in water, the detection of endogenously bound cyanide ions in many food items is crucial. Cassava is a major food for
more than 500 million people in Africa, Asia and Latin America. Thus, to determine the utility of the present probe for the detection of endogenously bound
cyanide, we used it to detect the presence of cyanide ions in cassava (Manihot esculenta). The visual response to cyanide was observed not only in the aqueous
extract of the food sample but also when it was directly spiked on the surface. In addition, we examined whether conventional washing techniques can remove
cyanide from cassava samples or not. Such studies will be benecial not only for the detection of endogenous cyanide in crops but also for developing proper
remediation techniques.
1. Introduction

Oxidized bisindolyl methane (BIM) compounds oen exhibit
a strong charge transfer characteristic, leading to noticeable
color changes upon interaction with specic analytes, even at
trace levels.1 In addition to ionic analytes, such as toxic anions
and heavy metal pollutants, these compounds show high
sensitivity towards changes in environmental conditions, such
echnology and Science Pilani, Hyderabad

rsity, Asansol 713303, West Bengal, India

Institute of Science, Bangalore 560012,

te of Science Education and Research,

tion (ESI) available. See DOI:

020–4028
as pH, polarity, and even the ionic strength of the medium.2

Unlike their unoxidized precursors, the oxidized BIM deriva-
tives are generally stable under ambient conditions, which
ensures that the sensor will remain effective over a longer
period. The synthesis of BIM derivatives is relatively easy,
starting from inexpensive precursors, which makes them
attractive for developing low-cost sensors.3 In addition, oxidized
BIM compounds are oen found to be biocompatible, making
them suitable for applications in biological and clinical
settings, such as detecting biomarkers or contaminants in
physiological samples (e.g., human urine, sweat, or blood).4

Despite such advantages, the limited solubility of these probes
in aqueous environments oen affects the kinetics of the
sensing process and hinders their effective interaction with
analytes.5 Also, the susceptibility of BIM derivatives towards the
microenvironment sometimes inuences the stability of the
sensor molecules and their response towards analytes, leading
to inconsistent or unreliable results. The other pertinent issue
© 2025 The Author(s). Published by the Royal Society of Chemistry
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is the limited shelf life of oxidized BIM derivatives, as they can
undergo gradual degradation when exposed to air, light, or
moisture for extended periods.6

Considering these properties, herein, we designed and
synthesized oxidized BIM derivatives with two oligo-oxyethylene
chains attached to a central phenyl ring. Incorporating oligo-
oxyethylene (OEG) chains into sensor molecules offers
multiple advantages (Fig. 1). These chains improved the solu-
bility in aqueous environments, enhanced the biocompatibility,
and offered anti-fouling properties by resisting non-specic
interactions with biomolecules, thereby ensuring high selec-
tivity.7 Their exibility aids in better interaction with analytes,
facilitating faster response times and improving the sensor
performance.8 Furthermore, OEG chains form a hydrophilic
interface, making them suitable for detecting polar analytes.
Their exceptional thermal and chemical stability further
ensures consistent performance under varying conditions.

As expected, the as-synthesized compound showed signi-
cant solubility in an aqueous environment and exhibited
a ratiometric, color-changing response towards cyanide ions in
water. Notably, acute exposure to cyanide can cause symptoms
such as headache, confusion, nausea, difficulty breathing, loss
of consciousness, and even death due to cardiac failure. In
contrast, chronic low-level exposure may lead to long-term
neurological effects, such as weakness, vision impairment,
and cognitive decits. The mechanistic investigation indicated
that the hydrogen bonding interaction of indolyl-NH units with
cyanide led to an immediate change in the solution color from
red to yellow. However, over time, cyanide could attack the
electron-decient meso carbon center and reduce the overall
conjugation. This can be attributed to a time-delayed color-
changing response from yellow to colorless with cyanide ion.
Consequently, we ultimately witnessed a time-dependent
sequential chromogenic response with cyanide ions because
of two distinct sensing mechanisms: hydrogen bonding fol-
lowed by chemodosimetric interaction. Considering the highly
selective naked eye response towards cyanide ions, the probe
was used to detect endogenous cyanide in the staple food cas-
sava. Not only in the aqueous extract, the color-changing
response towards cyanide was observed in the freshly chop-
ped vegetable samples without any preprocessing. Interestingly,
the loss of cyanide in the conventional washing treatment could
be determined in a semi-quantitative manner using the present
system.
Fig. 1 Chemical structure of compound 1 and schematic showing the t

© 2025 The Author(s). Published by the Royal Society of Chemistry
2. Experimental section
2.1. Materials and methods

All solvents were of analytical grade and were used without
further purication. Each chemical used for the synthesis and
spectroscopic titration was of the best grade available. 1H-NMR
and 13C-NMR spectra were recorded on a Bruker Advance DRX
400 spectrometer operating at 400 and 100 MHz for 1H and 13C
NMR spectroscopy (in DMSO-d6). IR spectra were recorded on
a PerkinElmer FT-IR Spectrum BX. UV-vis absorption spectra
were obtained on a Shimadzu UV-2100 spectrophotometer.
Fluorescence spectra were recorded using a Fluorolog Horiba
Jobin Yvon spectrouorometer. The stock solution of the
compound was prepared in dimethyl sulphoxide (DMSO), and
the nal concentration of DMSO in all the studies was less than
0.5%. The synthetic scheme for compound 1 and the detailed
characterization data are presented in Fig. 2.
2.2. Synthesis and characterization

2.2.1. Compound (1). To a solution of 3 (50 mg, 0.109
mmol) and indole (51.5 mg, 0.440 mmol) in dry MeOH, I2 (5 mg)
was added and stirred for 1 h at room temperature. The inter-
mediate was puried by precipitation (3 times) from MeOH.
DDQ (2 mmol) was added to a solution of the intermediate
compound in dry CH3CN at room temperature. Aer overnight
reaction, the solvent was removed, and the product was puried
by precipitation (3 times) from diethyl ether. Yield 78 mg,
80.8%; IR (Neat, cm−1) 3048.2, 2201.2, 1527.6, 1472.1, 1405.5,
114.7, 746.4, 583.5; 1H NMR (400 MHz, DMSO-d6) d 2.90–2.95
(m, 10H), 3.06–3.09 (m, 6H), 3.21–3.26 (m, 9H), 3.64 (t, J = 4 Hz,
5H), 7.13–7.18 (m, 8H), 7.34 (t, J = 4 Hz, 6H), 7.63 (d, J = 8 Hz,
4H), 8.45 (s, 4H); 13C NMR (100 MHz, DMSO-d6) d 58.0, 68.4,
69.4, 69.5, 69.7, 71.2, 98.4, 115.7, 116.6, 118.0, 120.7, 123.3,
125.5, 127.6, 131.1, 151.5; HRMS m/z calcd for C54H54N4O8(M +
H)+ 887.4020, found 887.4017.

2.2.2. Dimethyl 2,5-dihydroxybenzene-1,4-dioate (5).
Dimethyl 2,5-dioxocyclohexane-1,4-dicarboxylate (5 g,
21.9 mmol.) and NCS (3.0 g, 22.4 mmol.) were placed in
a 100 mL round-bottomed ask. To this end, 15 mL of glacial
acetic acid was added and heated at 80 °C for 1 h. The reaction
mixture was then cooled. The yellow precipitate that appeared
due to cooling was ltered and washed with 50 mL of water. The
precipitate was dried in air, followed by drying under a vacuum
ime-dependent step-wise cyanide sensing.
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Fig. 2 Synthetic scheme for the design and synthesis of compound 1. Reagents, conditions and yields: (a) NCS, glacial AcOH, 80 °C, 1 h, 80.8%;
(b) K2CO3, DMF, 60 °C, 2 h, 68.5%; (c) LAH, dry THF, reflux, 2 h, 80%; (d) PCC, dry DCM, 2 h, 90.8%; (e) indole, I2, MeOH, rt, 1 h; followed by DDQ,
CH3CN, rt, 1 h, 80.8%.
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pump. Yield 4.0 g, 80.8%; mp 175–177 °C; IR (Neat, cm−1)
3275.9, 2958.3, 1831.4, 1646.9, 1491.7, 1430.9, 1331.1, 1197.4,
1019.4, 950.9, 889.7, 788.3; 1H NMR (400 MHz, CDCl3) d 3.97 (s,
6H), 7.47 (s, 2H), 10.06 (s, 2H).

2.2.3. Bis-ester (4). To a solution of 5 (7 g, 30.97 mmol) in
70 mL of dry DMF, anhydrous K2CO3 was added under an N2

atmosphere and stirred at 60 °C for 30 min. Then, 2-(2-(2-
methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate
(21.63 g, 68 mmol) was added under an N2 atmosphere, and the
mixture was heated to 60 °C for 2 days. Aer completion of the
reaction, the solvent was removed under reduced pressure. The
residue was dissolved in 100 mL of CHCl3 and washed with 1 M
NaOH solution (2 × 50 mL), followed by 1 M HCl solution (2 ×

50mL), and then with water (2× 50mL). The solution was dried
over anhydrous Na2SO4 while the solvent was removed. This
yielded an oily material, which was puried by chromatography
using silica gel hexane/EtOAc (1–2.25% MeOH/CHCl3 as
eluant). Yield 11 g, 68.5%; IR (Neat, cm−1) 3208.3, 2877.3,
2681.0, 1725.0, 1618.1, 1496.0, 1411, 1319.9, 1196.9, 1102.7,
1019.7, 751.8, 643.7; 1H NMR (400 MHz, CDCl3) d 3.38 (s, 6H);
3.55–3.56 (m, 4H), 3.64–3.69 (m, 8H), 3.75–3.78 (m, 4H), 3.87–
3.90 (m, 10H), 4.18 (t, J = 3.6 Hz, 4H), 7.42 (s, 2H); HRMS m/z
calcd for C24H38O12 (M + Na)+ 541.24, found 541.2261.

2.2.4. Bis-alcohol (3). LAH (4.34 g, 114.2 mmol) was care-
fully added to a solution of 5 (5.74 g, 11.06 mmol) in dry THF at
0 °C under N2 atmosphere, and the mixture was stirred for 30
minutes at 0 °C. Then, it was reuxed for 2 h, followed by
cooling to 0 °C. The excess LAH was quenched with ethyl acetate
and then with water. HCl (3 N) was added dropwise to quench
all the LiOH formed during the quenching of excess LAH. The
product was extracted with CHCl3 repeatedly and the solution
was dried over anhydrous Na2SO4, followed by rotary evapora-
tion of the solvent a colorless oil: yield 4.1 g, 80%; IR
(Neat, cm−1) 3411.5, 2927.8, 2878, 1654.5, 1510.7, 1457.4,
1202.3, 1107.9, 1063.6, 947.6, 662.4; 1H NMR (400 MHz, CDCl3)
4022 | RSC Sustainability, 2025, 3, 4020–4028
d 3.73 (s, 6H), 3.54–3.56 (m, 4H), 3.63–3.67 (m, 8H), 3.70–3.71),
(m, 4H), 3.82 (t, J = 4.4 Hz, 4H), 4.18 (t, J = 4.4 Hz, 4H), 4.63 (s,
4H); 6.85 (s, 2H); HRMS m/z calcd for C22H38O10 (M + Na)+

485.25, found 485.2363.
2.2.5. Bis-aldehyde (2). To a solution of 4 (2 g, 4.3 mmol) in

50 mL of dry DCM, PCC (3.73 g, 17.3 mmol) was added at a time.
The mixture was stirred for 3 h at room temperature. Purica-
tion of the product obtained was carried out by chromatography
on a silica gel column (3.5 : 96.5, CH3OH/CHCl3) to afford a light
yellow oil. Yield 1.8 g, 90.8%; 1H NMR (400 MHz, CDCl3) d 3.37
(s, 6H); 3.54–3.56 (m, 4H), 3.64–3.68 (m, 8H), 3.71–3.74 (m, 4H),
3.88–3.91 (m, 4H), 4.27 (t, J = 4.8 Hz, 4H), 7.46 (s, 2H), 10.52 (s,
2H); HRMS m/z calcd for C22H34O10 (M + Na)+ 481.22, found
481.2050.
2.3. Spectroscopic studies

The UV-vis and uorescence spectra of the compounds with and
without anions were recorded on a Shimadzu model 2100 and
Cary Eclipse spectrouorimeter, respectively. For both UV-
visible and uorescence studies, the concentrations of the
compounds were xed at 20 mM. For the emission experiments,
the slit widths for both the excitation and emission channels
were 5 nm. The excitation wavelength was xed at 465 nm.
3. Results and discussion
3.1. Optical properties of probe molecule

We synthesized probe 1 by coupling indole with oxyethylene
terephthaldehyde, followed by oxidation using DDQ (2, 3-
dichloro-5,6-dicyano-1,4-benzoquinone).9 The sensing proper-
ties of the compound were investigated in aqueous medium.
The UV-visible spectra of compound 1 in water exhibited two
prominent absorption bands at 392 (3 = 2.62 × 106 M−1 cm−1)
and 510 (3 = 3.37 × 106 M−1 cm−1) nm, respectively. The red-
shied charge transfer band at a longer wavelength region
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-visible titration of 1 (20 mM) with CN− in (a) 0–20 mMand (b) 20–80 mM in aqueousmedium. (c) Ratiometric changes in the absorbance
of 1 upon the addition of various anions (80 mM) in aqueousmedium. (d) Ratiometric changes in the absorbance of 1 upon addition of CN− (0–80
mM) in aqueous medium.
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(∼510 nm) is attributed to the zwitterionic form of 1.10 The color
of the solution changed from red to yellow aer the addition of
cyanide ions. The UV-vis spectra revealed a complete shi of the
band from 510 to 431 nm in the presence of cyanide ions in
water. The plot of absorbance ratio (425 nm/515 nm) with
respect to the added anions showed a selective response toward
the cyanide ion (Fig. 3c). The other anions did not show much
change even when added in 5 times excess. Although a small
change was observed with the acetate ion, the extent was
negligible compared with that of cyanide.
Fig. 4 (a) Fluorescence spectra of 1 (20 mM, lex = 465 nm) with different
mM, lex = 465 nm) upon addition of CN− (0–100 mM) in aqueous medium
CN− ion. (d) Determination of the binding constant between 1 and CN−

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2. Interaction with cyanide in aqueous medium

The UV-visible titration of probe 1 was then performed using
cyanide ions under similar conditions (Fig. S1†). Till 1 equiv.
addition of cyanide, the absorbance intensity decreased only at
510 nm (Fig. 3a). However, beyond one equiv., the absorbance at
the 427 and 387 nm bands was enhanced at the expense of the
absorbance at the 510 nm band (Fig. 3b). The presence of
multiple isosbestic points at 404 and 450 nm was noted during
the titration studies. This indicates the existence of an
anions (80 mM) in aqueous medium. (b) Changes in FL intensity of 1 (20
. (c) Job's plot showing stoichiometry of the interaction between 1 and
ion.
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equilibrium between the probe and the cyanide ion complex.
Furthermore, the absorbance ratios at 510 and 425 nm were
plotted against the added cyanide ion concentrations. It
provided a straight line with a correlation coefficient of 0.996
(Fig. 3d). This indicates that compound 1 can be used as
a ratiometric, naked-eye sensor for detecting cyanide ions in
water.

The stoichiometry of the interaction between probe 1 and the
cyanide ion was determined to be 1 : 2 based on Job's plot
analysis (Fig. 4c). Furthermore, the binding constant of the
cyanide ion was estimated to be 10.13 ± 0.01 (log K) using the
Benesi–Hildebrand equation for 2 : 1 stoichiometry (Fig. 4d).
The detection limit of cyanide ions was calculated using UV-vis
spectroscopy. The calibration plot was generated by considering
changes in absorbance at the 510 nm band. The 10 blank
readings of the probe were considered for calculating the
standard deviation, and subsequently, the detection limit was
estimated at 16.6 ppb, which is ∼13 times less than the
permitted limit of cyanide in water. Compound 1 exhibited very
faint uorescence in the aqueous medium. Upon excitation at
465 nm, a small uorescence band was observed with emission
Fig. 5 (a) Schematic showing the time-dependent stepwise interaction o
DMSO-d6 medium. [The chemical structure is shown with assigned pro

4024 | RSC Sustainability, 2025, 3, 4020–4028
maxima at ∼552 nm region. The addition of cyanide ions
resulted in ∼2.3-fold enhancement of the uorescence inten-
sity. No other anions except acetate showed any detectable
response. Only a slight enhancement of the uorescence
intensity (∼4 times less than CN−) was noted against the acetate
ion (Fig. 4a). Therefore, from uorometric analysis, we can
selectively detect cyanide ions in water medium. Furthermore,
uorescence titration studies were performed with cyanide
ions. Interestingly, till 1 equiv. of cyanide ion, there was very
little change in the uorescence spectra. However, beyond 1
equiv., the uorescence intensity was systematically enhanced
upon the addition of cyanide ions (Fig. 4b).
3.3. Immediate response of cyanide as a base

Since cyanide can act both as a nucleophile and a base, we have
performed a series of spectroscopic studies to comment on the
mechanism of cyanide interaction.11 The UV-visible spectral
analysis revealed blue-shied absorption maxima upon inter-
action with hydroxide ions (Fig. S2†). A similar observation was
noted for cyanide, which indicated the possibility of hydrogen
bonding (or deprotonation) interactions with the cyanide ion.
f 1with the CN− ion. (b) Partial 1H-NMR spectra of 1 (5 mM) with CN− in
tons].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In addition, Job's plot showed a 2 : 1 interaction of the cyanide
ion, indicating interaction of the CN− ion with the two indolyl-
NH moieties of probe 1. To validate the above mechanism, 1H-
NMR titration of the probe with cyanide ions was carried out in
DMSO-d6 medium (Fig. 5b). Both probes exhibited similar
interactions with the cyanide ion. In the presence of cyanide
ions, the aromatic protons experienced upeld shis. Among
them, the protons adjacent to indolyl nitrogen centres showed
the maximum shi with substantial broadening. This indicated
the involvement of indolyl-NH protons in hydrogen bonding
interactions with cyanide ions (Fig. 5a).12

3.4. Delayed response of cyanide as a nucleophile

Interestingly, when the cyanide-treated solution of compound 1
was kept for more than 2 days under ambient conditions, we
observed a change in the color of the solution from yellow to
colourless. The UV-visible spectrum showed no major absorp-
tion bands in the visible region (Fig. 6a). Rather, the spectrum
showed uncanny similarity with the UV-visible spectrum of the
unoxidized precursor. This indicated that the CN− interacted
Fig. 6 (a) UV-visible spectra of 1 (10 mM) with CN−, upon immediate add
adduct with CN− ion. (c) HRMS mass spectrum of 1 with CN− ion after
medium, recorded after 1 and 2 days, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
with the probe in a manner that inuenced the conjugation of
the molecule. In other words, CN− ion could attack the electron-
decient meso carbon center and cut off the overall conjugation
(Fig. 6b).13 To prove this further, we recorded a 1H-NMR spec-
trum of 1. CN− in DMSO-d6 aer 2 days. The analysis of the
spectrum indicated a drastic increase in the number of NMR
peaks (Fig. 6d). Thus, it can be concluded that cyanide inter-
action could lead to the formation of a chemodosimetric adduct
in which the chemical environments of the indole moieties are
very distinct. The formation of the cyanide adduct was also
evident from the detection of the mass spectral peaks of the
adducts. Compound 1 with CN− showed a peak at 939.4081
(calcd mass = 939.4081), which corresponds to the (M–H) of
probe 1 (Fig. 6c).

3.5. Detection of endogenous cyanide

In addition to the detection of free cyanide in water, the
detection of endogenously bound cyanide ions in many food
items is essential. Such foods as cassava are major foods for
more than 500 million people in Africa, Asia and Latin
ition and after 2 days. (b) Chemical structure of the chemodosimetric
2 days. (d) Partial 1H-NMR spectra of 1 (5 mM) with CN− in DMSO-d6
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Fig. 7 (a) UV-visible and (b) fluorescence spectra of 1 (20 mM, lex = 465 nm) in cassava extract. (c) Partial IR spectra of freshly cut cassava and
after keeping it in water for 10 days. (d) Change in the visible color after pouring a few drops of 1 (1 mM) on the cassava slice, both in the freshly cut
condition and after keeping it in water for 10 days.
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America.14 Therefore, to determine the utility of the present
probe for the detection of endogenous bound cyanide, we used
it to detect the presence of cyanide ions in cassava (Manihot
esculenta). Fresh cassava was procured from the market, and its
origin was not specied. To record absorption and uorescence
spectroscopy of cassava soaked in water, we dipped 200 mg of
freshly cut cassava slices in 50 mL of water for 30 minutes. The
UV-visible spectrum of 1 was recorded in freshly prepared cas-
sava extract (Fig. 7a).15 A new absorption band was observed
427 nm region, which appeared to be very similar to that
observed with KCN in water medium. Furthermore, we recorded
the uorescence spectrum of compound 1 in cassava extract.
Furthermore, a turn-on uorescence response (∼6.7 fold) was
observed upon 465 nm excitation (Fig. 7b). A similar uores-
cence enhancement was observed for KCN in water medium.
Therefore, both observations indicate that the cyanide ion
released from cassava extract can be detected by compound 1.

The direct detection of cyanide on cassava slices was per-
formed without any processing. On a freshly cut cassava slice,
a few drops of the probe solution (1 mM) were added. A similar
color change from red to yellow was observed (Fig. 7d). To
determine whether the change was due to complexation with
cyanide, we kept a small piece of cassava in water for 10 days.16

Aer that, we removed the water and dried the cassava slices at
room temperature. When this dried, pretreated cassava slice
was spiked with compound 1, we did not observe any color
change. The color of the spot remained red. To conrm whether
soaking in water could remove the cyanide ions, we checked the
IR spectra of the slices before and aer immersion. Compared
with freshly cut cassava, it showed the absence of the 2100 cm−1

band corresponding to the bound cyanide (Fig. 7c).17
4026 | RSC Sustainability, 2025, 3, 4020–4028
4. Conclusion

Herein, we synthesized highly colored, oxidized bis-indolyl
derivatives with oligooxyethylene chains as substituents to the
central phenyl ring. The incorporation of oxyethylene chains
resulted in a signicant increase in the solubility of the probe in
water. Due to increased solubility, the compound could exert
a pronounced response towards cyanide ion, which was re-
ected in the distinct changes observed in both UV-vis and
uorescence spectroscopic analysis. In addition, such high
sensitivity was evident from its exceptionally low detection limit
(∼17 ppb) for cyanide ions in the aqueous medium. In addition
to the naked eye detection, the ratiometric response ensured
that this system could signicantly reduce background inter-
ference, making it highly suitable for quantitative analysis of
cyanide ions. The mechanistic investigation revealed a time-
dependent two-step interaction between the cyanide ion and
the aqueous medium. The rst step involved hydrogen bonding
(or deprotonation) interactions with cyanide ions involving the
acidic indolyl-NH protons, which resulted in an immediate
change in the color of the solution from red to yellow. However,
upon aging the same solution for a longer duration, we could
witness a further change in the color of the solution from yellow
to colorless. This result was attributed to a cyanide-triggered
Michael addition reaction, which eventually altered the overall
conjugation. The formation of the chemodosimetric adduct at
a later stage was conrmed by 1H, 13C-NMR, and mass spectral
analysis. In addition, the system enables visual detection of
endogenous bound cyanide in cassava. The visual response
towards cyanide was observed not only in the aqueous extract of
the food sample but also when it was directly spiked on the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface. In addition, we examined whether conventional
washing techniques can remove cyanide from cassava samples
or not. Such studies will be benecial not only for the detection
of endogenous cyanide in crops but also for developing proper
remediation techniques.
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