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A B S T R A C T   

A systematic improvement in the metal ion binding ability of a pyrene functionalized oxidized bisindolyl 
compound was investigated in the aqueous medium. In water, a color-changing response from orange to red was 
observed upon the addition of Hg2+ ion. However, in this condition, the compound suffered issues like poor 
selectivity (interference from Cu2+, Cd2+, and Zn2+) and low sensitivity (~1.6-fold increment in absorbance). 
Incorporating nonionic surfactant as solubilizing agent alters the protonation equilibrium of the compound and 
improves its analytical performance to some extent (~2.5-fold increment in absorbance by Hg2+ and minor 
interference from Cu2+ and Zn2+ ions). However, an excellent selectivity (no interference) towards Hg2+ ion was 
achieved when the probe molecules were undergone anion-induced deprotonation reaction before the interaction 
with metal ions. Also, the deprotonated receptor demonstrated superior sensitivity for Hg2+ (yellow to red color 
change, ~5.2-fold increment in absorbance). Thus, in this work, we have developed anion-triggered deproto-
nation as an alternative strategy for improving the analytical performance of an oxidized bisindolyl probe.   

Introduction 

Bis(indolyl)methanes (BIMs) and their derivatives have received 
enormous attention in recent years due to their radical scavenging, 
antimicrobial, anticancer, as well as antituberculosis activity [1]. Mostly 
isolated from various terrestrial and marine sources, these naturally 
abundant bioactive molecules can also be synthesized under mild using 
Lewis or protic acid as catalyst [2]. Considering this, numerous attempts 
have been made to design self-assembled molecular materials, electro-
chromic devices, drugs, or optical sensors based on bisindolyl scaffold 
[3–5]. Also, these bis(indolyl)methane molecules can undergo sponta-
neous oxidation to produce high colored conjugated products with very 
distinct optoelectronic properties [6,7]. The color and the optical 
response of these oxidized BIMs largely depend on the overall π-conju-
gation length of the system, the electronic nature of the aryl moiety at 
meso position, and conformational flexibility, etc. [8,9]. Due to both H- 
bond-donating and H-bond-accepting indolyl moiety in the same 
molecule, the internal charge transfer (ICT) state of oxidized BIM probes 
can be modulated easily by Lewis acid–base interaction, hydrogen 
bonding, and deprotonation/protonation, etc. [11–15]. Only in a few 
instances, though bisindolyl-based systems have been employed to 

detect heavy metal pollutants, they often suffer from issues like poor 
selectivity and low solubility in water or water-rich environments 
[10–12]. 

On the other hand, it is known that even metal ions, like Cu2+, Hg2+

Zn2+ or Ag+ can induce deprotonation of secondary “NH” groups to form 
a more stable coordination complex with suitable geometry. Thus, the 
deprotonated species can bind more effectively with metal ion centers 
than neutral receptors [13–15]. The higher thermodynamic stability of 
the resultant coordination complex is the main driving force for such 
deprotonation reactions. Considering this, herein, we have employed 
anion-induced deprotonation (basic anions, like CN− , AcO-, H2PO4

− etc) 
as a strategy to improve both selectivity as well as sensitivity of a pyrene- 
appended oxidized bisindolyl based metal ion receptor (1) (Fig. 1). 
Unlike many instances, here, anions are not acting as a masking agent; 
the deprotonated receptors formed in the reaction medium can effec-
tively bind with Hg2+ ions. To improve the solubility of an aqueous 
medium, the sensor molecules were doped into the assemblies of a 
biocompatible non-ionic surfactant, such as Brij-58 (polyethylene glycol 
hexadecyl ether). 

Abbreviations: ICT, Internal Charge Transfer; BIM, Bis(indolyl)methane; DDQ, 2,3-dichloro-5,6-dicyano-1, 4-benzoquinone; ppb, Parts Per Billion. 
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Results and discussion 

Design and Synthesis: An oxidized bisindolyl probe with pyrenyl unit 
as meso position (1) was synthesized via modified single-step procedure 
where pyrene-1-aldehyde coupled with two equiv. of indole in the 
presence of the catalytic amount of I2 in methanol medium [16,17]. The 
‘in-situ’ hydroiodic acid acted as a catalyst for the reaction. After 
completion, the resultant adduct was subjected to oxidation using 2,3- 
dichloro-5,6-dicyano-1, 4-benzoquinone (DDQ) to form highly conju-
gated oxidized 3,3′-di (indolyl) pyrenylmethane (1, yield: 62 %) as red- 
colored powder (Fig. 2a, please see ESI). Due to planer polyaromatic 
residue, compound 1 showed a red-shifted charge transfer band in the 
aqueous medium. Also, due to the amphiphilic characteristics of the 
probe molecule, it can easily form co-assembly with surfactant aggre-
gates [18,19]. 

pH-Dependent Chromogenic Response: The compound exhibited a pH- 
dependent change in chromogenic response due to different charge 
transfer species (Fig. 2b) [20]. In the acidic medium, protonation at 
indolyl nitrogen ends improved the CT interaction, resulting in a broad 
absorption band ~ 513 nm region. On the contrary, upon alkylation, 
blue-shifted absorption maxima at the 433 nm region became predom-
inant due to the formation of the zwitterionic species (Fig. S1). The 

relative population of these two species (cationic vs. zwitterionic) in the 
equilibrium can easily be controlled by the pH of the medium. However, 
irrespective of pH, the compound in the aqueous medium showed a red- 
shifted absorption maximum with prominent tailing at a longer wave-
length region (Fig. 2c). This observation indicates a larger equilibrium- 
population of cationic species in the aqueous medium than aprotic sol-
vents, like THF. The formation of hydrogen-bonded conformers in 
aqueous might be the plausible reason for this. A similar red-shifted 
band was also observed in alcoholic solvents, like MeOH and EtOH, 
substantiating the conjecture (Fig. S2). The loss of vibronic structure (of 
pyrene) suggests strong electronic communication between pyrene and 
the indole moieties, which is a common characteristic of DIAM probes 
[21]. Also, the compound showed an intense fluorescence band (ϕ =
0.12) at ~457 nm region when excited at 390 nm (Fig. S3). The mole-
cule’s emissive nature and large molar absorptivity (in UV–visible 
spectrum) indicate that the 1La state lies below the 1Lb state [22]. 

Interaction with Metal Ions in Aqueous Medium: Since protonation has a 
noticeable impact on the chromogenic response of 1, we were interested 
in investigating its metal ion sensing property in the aqueous medium. A 
change in solution color from orange to red was observed when com-
pound 1 was exposed to Hg2+ ion. As expected, a ~15 nm red-shift in 
absorption maxima was witnessed in the presence of an equimolar 
amount of Hg2+ ion. On the other hand, a ~1.62-fold hyperchromic shift 
was observed with the Hg2+ ion, which might be attributed to the 
electrostatic association complex formation (Fig. 3a) [23,24]. However, 
similar changes in absorption spectra were also observed when treated 
with other divalent transition metal ions, such as Cu2+, Zn2+, and Cd2+, 
etc (Fig. 3b). Such kind of poor selectivity limits the application of 
compound in real-life sample analysis. Apart from this, the aqueous 
solution of 1 was not very stable even without any metal ions. The so-
lution turned turbid within a few hours, presumably due to π–π stacking 
interaction between pyrene moiety and bis-indolyl methane residues. 

Interaction with metal ions at the micellar interface: The compartmen-
talization of microheterogeneous systems like micelles is known to 
restrict the self-agglomeration of polyaromatic dyes and improve their 
solubility in the aqueous medium [25]. On the other hand, low micro-
polarity inside the micellar cavity and large effective concentration can 
result in effective intermolecular interactions among the encapsulated 
dye molecules [26]. Also, poor hydration inside the hydrophobic inte-
rior of micelles alters the protonation equilibrium of molecules and 
enhances the possibility of non-covalent interactions, such as charge 

Fig. 1. Protonation equilibrium of compound 1 and its impact on metal ion 
sensing behavior. 

Fig. 2. (a) Design and synthesis of pyrene-functionalized oxidized bisindolyl compound (1). (b) UV–visible spectra of 1 (10 µM) at different pH in buffered medium. 
(c) UV–visible spectra of 1 (10 µM) in THF and water medium. 
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pairing, hydrogen bonding, etc. [27]. It has often been observed that the 
sensitivity and selectivity of dye molecules towards the target analyte 
changed drastically upon encapsulation. Considering this, herein, we 
have involved a non-ionic surfactant, Brij-58 (Fig. 4a), to stabilize 
compound 1 in an aqueous medium. The encapsulation in Brij-58 
micelle drastically improved the solubility of probe molecules in an 
aqueous medium, and the resultant solution remained stable for more 
than ten days under ambient conditions (Fig. 4b). 

The involvement of surfactant assembly also altered the protonation 
equilibrium of compound 1 due to a distinct microenvironment. The 
absorbance at 514 nm decreased in the micelle medium with a 
concomitant increase at 417 nm region (Fig. 5a). Thus, one can conclude 
that the relative abundance of zwitterionic form increases in the pres-
ence of non-ionic surfactants. Interestingly, in the presence of surfactant, 
compound 1 showed a better response towards Hg2+ ion in terms of 
selectivity and sensitivity. Apart from Hg2+, changes in absorbance were 
also witnessed with other metal ions, such as Cu2+ and Zn2+, etc 
(Fig. 4d). However, the degree of interference was substantially reduced 
than that observed in the water medium. Additionally, the sensitivity of 
1 towards Hg2+ ion slightly improved in the micellar medium. Unlike in 
pure water, here we observed ~ 3.0-fold hyperchromic shift upon 
addition of Hg2+ ion (Fig. 4c). The titration studies also suggest that 
probe 1 can detect Hg2+ ions as low as 15.6 ± 1.8 ppb in the aqueous 
medium. The Job’s plot analysis indicates 1:1 binding interaction with 
Hg2+ in Brij-58 with an affinity constant of 3.22 ± 0.03 (Fig. S4). The 

effect of other micelle systems, like SDS (anionic surface charge) and 
CTAB (cationic surface charge) on metal ion sensing was also investi-
gated. In SDS micelle, compound 1 showed red-colored solution with an 
absorption maximum at ~525 nm (predominantly due to cationic form). 
On the other hand, in the cationic micelle, like CTAB, the compound 
exhibited yellow color with an absorption maximum at ~450 nm 
(Fig. S5). The addition of metal ions in CTAB caused immediate pre-
cipitation. On the other hand, though interaction with Hg2+ was 
observed in SDS micelle, the compound suffered from poor selectivity 
(Fig. S6). 

Metal Ion Sensing Using Deprotonated Receptor: Thus, improving both 
the selectivity and sensitivity of the probe towards Hg2+ ions appeared 
as a challenge at this stage. Therefore, we thought to examine whether 
anion-induced deprotonation (before metal ion sensing) can improve 
the analytical performance of probe molecules (Fig. 6a). However, 
before that, we initially chose an alkaline medium (buffered medium pH 
~ 10.0) to explore the metal ion sensing behavior of 1. However, instead 
of obtaining an improved signal, the addition of metal ions mainly 
caused precipitation at this stage. 

Then we used equimolar amounts of basic anions, such as CN− , 
H2PO4

− , AcO− as the deprotonating agent in a neutral medium. As 
intended, the addition of these anions showed a change in solution color 
of 1 from orange to yellow, presumably due to deprotonation of indolyl 
-NH proton (Fig. 5a). The binding of anions (anion-induced deproto-
nation) increases the electron density around the bisindolyl region, 

Fig. 3. (a) UV–visible titration of 1 (10 µM) with Hg2+ (0–1.5 equiv.) in aqueous solution. (d) Change in absorbance of 1 at 525 nm in presence of different metal ions 
(1.5 equiv.) in aqueous solution. 

Fig. 4. (a) Structure of Brij-58 surfactant [polyethylene glycol hexadecyl ether]. (b) Interaction of 1 with Hg2+ in Brij-58 micelle. (c) UV–visible titration of 1 (10 µM) 
with Hg2+ (0–1.5 equiv.) in Brij-58 (1 mM) micelle. (c). (d) Change in absorbance of 1 at 525 nm in presence of different metal ions (1.5 equiv.) Brij-58 (1 
mM) micelle. 
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leading to a diminution in the extent of charge transfer and consequently 
a blue-shift in the absorption maxima. The Job’s plots indicate that 
irrespective of the nature of the anions, in all cases, we could observe 
stoichiometric interaction (1:1) with probe molecule (Fig. S7). The 1H 
NMR studies show broadening and subsequent disappearance of -NH 
signal upon interaction with anions, whereas the -CH protons near the 
bisindolyl nitrogen centers experience upfield shifts (Fig. 8). However, 
no noticeable difference in chemical shift values was witnessed when 
various other anions were compared. No new peak formation or splitting 
of any existing signal was observed in the NMR spectrum, which ruled 
out the possibility of anion coordination. 

In the presence of an equimolar amount of acetate, compound 1 
showed a dramatically good response towards Hg2+ in Bij-58 micelle 
medium with no apparent interference from any of the tested metal ions, 
including Cu2+, Zn2+, and Cd2+, etc (Fig. 6b). Moreover, the anion- 
induced deprotonation step could markedly improve the sensitivity. 
An instantaneous change in solution color from yellow to red (Δλ ~ 90 
nm) was noticed upon adding an Hg2+ ion. The titration studies showed 
an increase in absorbance at 524 nm band upon addition of Hg2+ with a 
concomitant decrease at 435 nm (Fig. 6c). 

Retention of an isosbestic point at ~475 nm was observed during the 
titration studies, indicating the existence of a one-to-one equilibrium 
between the deprotonated probe and the Hg2+ ion. The titration studies 
also suggest that deprotonation can improve sensitivity towards Hg2+

ions, as evidenced by a ~6.7-fold hyperchromic shift at 524 nm band. 
Here again, Job’s plot showed 1:1 binding interaction with Hg2+ with 

distinctly high affinity constant (Fig. S8). The detection limit for Hg2+

became as low as 7.5 ± 1.2 ppb when deprotonated species of the probe 
became the receptor molecule. 

Mechanistic Investigation: A similar observation was made when other 
basic anions, like H2PO4

− , were involved instead of AcO− for the initial 
deprotonation step. Here also, the addition of Hg2+ could induce ~ 90 
nm red shift in absorption maxima (Figs. S9-S10). However, the extent 
of change was found to be slightly less than that observed with AcO− ion. 
This might be due to the larger basicity of the AcO− (pKa = 4.8) ion than 
H2PO4− (pKa = 7.2) [28]. Further, to unveil the role of anions more 
precisely, we have repeated titration studies with Hg2+ ions in the 
presence of various amounts of anions, AcO− . At [AcO− ] ≤ 1 equiv., the 
extent of change with Hg2+ ion enhanced with increasing amounts of 
AcO− ion. However, beyond one equiv. (2.0, 5.0 or 10 equiv.) concen-
tration, there was no further improvement in Hg2+ binding (Fig. 7b). 

Further, when 1 + Hg2+ solution was spiked with anions, like AcO−

or H2PO4
− , regeneration of the free probe was not witnessed (Fig. 7a). 

This observation is indeed useful, as it rules out the possibility of the 
preferential binding interaction between Hg2+ and AcO− and/or 
H2PO4

− ions. Considering the limited solubility of compound 1 in D2O, 
the 1H NMR titration was conducted in DMSO‑d6 medium in the pres-
ence of Hg2+ ion (0–1 equiv.). The titration studies showed that the 
protons associated with pyrene moiety experience minimal chemical 
shifts than protons near the bisindolyl moiety (Ha, Hb, Hc, Hd, and He) 
(Fig. S11). The broadening of the NMR signal might be due to spin–orbit 
coupling perturbations owing to the heavy metal ion effect of Hg2+

Fig. 5. (a) UV–visible spectra of 1 (10 µM) in water and Brij-58 (1 mM) micelle (both in presence and absence of NaOAc). (b) UV–visible titration of 1 + NaOAc (10 
µM, 1:1) with Hg2+ (0–1.5 equiv.) in Brij-58 (1 mM) micelle. 

Fig. 6. (a) Schematic diagram shows deprotonation triggered improvement of analytical performance. (b) Change in absorbance of 1 + NaOAc (10 µM, 1:1) at 525 
nm in presence of different metal ions (1.5 equiv.) in Brij-58 micelle. (c) Change in absorbance of 1 (10 µM) and 1 + NaOAc (10 µM, 1:1) with Hg2+ ion (0–2.0 equiv.) 
in Brij-58 micelle. 
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[29,30]. When an equivalent amount of Hg2+ was added to a solution 
containing 1 and AcO− - ion in a 1:1 ratio, downfield shifts of bisindolyl 
proton signal were observed (very small changes at pyrenyl protons). 
Even in the presence of AcO− , Hg2+-induced broadening of NMR signals 
was witnessed as before. Thus, it can be concluded that the mode of 
interaction with Hg2+ ion is very similar with and without the added 
anions. The regeneration of NMR peaks corresponding to the free probe 
was not witnessed. This again rules out the possibility of an Hg2+-trig-
gered anion displacement reaction [31,32]. 

Conclusion: The study presents the metal ion binding property of a 
pyrene functionalized oxidized bisindolyl compound in various me-
diums. In the aqueous medium, the compound showed a color-changing 
response from orange to red in the presence of Hg2+ ion. However, in 
this condition, the compound suffered from poor selectivity (interfer-
ence from Cu2+, Cd2+, and Zn2+) and low sensitivity. The incorporation 
of nonionic surfactant as solubilizing agent improved the analytical 
performance of the compound to some extent, but still faced minor 
interference from Cu2+ and Zn2+ ions. An excellent selectivity towards 
Hg2+ ion was achieved using deprotonated species (anion-induced 
deprotonation) as probes instead of the neutral receptor. The ‘in-situ’ 
formed anionic probe demonstrated superior sensitivity for Hg2+ ion. 
The results indicate that the relative abundance of zwitterionic vs. 
cationic form of 1 in various microenvironments governs the interaction 
with metal ions. The accumulation of negative charge on bisindolyl ni-
trogens of zwitterionic species improves selectivity and sensitivity to-
wards target metal ions. The study presents anion-triggered 
deprotonation as an alternate strategy to enhance the analytical per-
formance of an oxidized bisindolyl probe. 

Experimental section 

Materials and methods: All reagents including reagents, solvents and 
silica gel were obtained from the best-known local supplier and were 
used directly without further purification. Solvents were distilled and 
dried prior to use. FTIR spectra were recorded on a Perkin-Elmer FT-IR 
Spectrum BX system. 1H- and 13C NMR spectra were recorded with a 
Bruker Advance DRX 400 spectrometer operating at 400 and 100 MHz 
respectively. Chemical shifts were reported in ppm downfield from the 
internal standard, tetramethylsilane (TMS). Mass spectra were recorded 
on Micro mass Q-TOF Micro TM spectrometer. 

UV–visible and fluorescence experiment: The UV–vis and fluores-
cence spectra were recorded on a Shimadzu model 2100 UV–vis spec-
trometer and Cary Eclipse spectrofluorimeter respectively. In the 
fluorescence experiment, the slit widths (for both the excitation and 
emission channel) were fixed at 5 nm and the excitation wavelength was 
chosen 350 nm. 

Sample preparation for studies: All the sensing studies have been 
performed in aqueous medium. The 10 μL DMSO solution of 1 from a 
stock (1 × 10− 3 M) was added in PBS buffer (pH 7.0) make the final 
volume of 1 mL ([1] = 1 × 10− 5 M). For sensing studies, the aqueous 
solutions of the metal ions were added directly to the aqueous solution 
of 1 (1.2–1.5 equiv.). Similarly, to check the influence of pH of the 
medium, buffered solutions of different pH (HCO2Na/ HCl buffer for pH 
2–4.5, CH3CO2Na/ HCl buffer for pH 5–6.5, PBS for pH 7–9 and 
Na2B4O7⋅10H2O/NaOH for pH 9.5–10.5) have been used. The final 
concentration of DMSO in the solution did not exceed 1%. For studying 
in micelle medium, the aqueous solutions of Brij-58, SDS and CTAB were 
at concentrations 1, 1.5 and 8 mM respectively used for the sensing 
studies. 

1H NMR titration studies. 1H NMR titration with compound 1 was 
performed upon dissolving 1 (5 mM) in DMSO‑d6 medium. To that Hg2+

was added (0 to 1.25 equiv.) and the spectra were recorded using 
identical parameters. Then 1H NMR spectra of 1 was recorded with Hg2+

ion (1 equiv.) both in presence and absence of tertbutyl ammonium 
acetate (1 equiv.). 

Determination of fluorescence quantum yield: The fluorescence 
quantum yield was calculated by using rhodamine 6G (ϕ = 0.94 in 
EtOH) as a reference. And the quantum yield is calculated using the 
equation 

ϕunk = ϕstd[(Iunk/Aunk)/(Istd/Astd) ](ηunk/ηstd)
2  

where, ϕunk and ϕstd are the radiative quantum yields of the sample and 
standard, Iunk and Istd are the integrated emission intensities of the 
corrected spectra for the sample and standard, Aunk and Astd are the 
absorbances of the sample and standard at the excitation wavelength, 
and ηunk and ηstd are the indices of refraction of the sample and standard 
solutions, respectively. 

Fig. 7. (a) UV–visible spectra of 1 + Hg2+ (1:1) in presence of AcO− and H2PO4
− ions (1.5 equiv.) in Brij-58 micelle. (b) Change in absorbance of 1 (10 µM) with 

Hg2+ ion (0–1.2 equiv.) in presence of variable amounts of NaOAc (0–5.0 equiv.) in Brij-58 micelle. 

Fig. 8. Partial 1H NMR spectrum 1 (bottom) with AcO- (1:1) and with subse-
quently added Hg2+ (1:1) in DMSO‑d6 medium. 
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