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Abstract

Contamination of water with chromium ions is a significant concern due to its potential adverse effects on human health
and the environment. In addition, it is also hazardous to biological systems and can cause a variety of human diseases.
Hence, an efficient and reliable detection method is needed to overcome this issue. In this study, a colorimetric sensor
method based on bis-indolylmethane (BIM) was developed to evaluate its ability as a heavy metal ionophore with the
existence of H-bonding interactions between the indolic N-H groups and the chromium ion. In the study, two bis-
indolylmethane derivatives compounds were synthesised using acetic acid as the catalyst via the condensation reaction
between 5-bromoindole and benzaldehyde derivatives. The synthesised compounds were then characterised using three
types of spectroscopic analysis, which are 1H and 13C NMR, FT-IR and UV-Vis to determine the structural information
and to confirm the formation of the bis-indolylmethane derivatives produced. Finally, colourimetric sensor development
was conducted involving metal screening with Cr3+ ion by colourimetric sensing analysis, and compound 1 was shown to
have the most intense colour change, hence having the highest possibility of interaction or bonding with the Cr3+ ion. A
further binding interaction study was conducted using UV-Vis titration analysis between compound 1 and Cr3+, proving
the binding ability and capability of the synthesised BIMs as a heavy metal ion sensor. The successful development of this
sensor will have wide-ranging applications in environmental monitoring, water treatment, and public health. Additionally,
it can be employed by regulatory agencies, industries, and researchers, especially to ensure the safety and quality of water
resources. By enabling quick detection of chromium ions, this sensor will contribute to the preservation of human health
and the environment.
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1. Introduction

Heavy metals are known to be essential for the continual
functioning of many biochemical and physiological
processes in living things. They become major
environmental pollutants when their concentration exceeds

the legal limit, and their toxic effect on the environment
and human health (Dahiya, 2022). One of the common
heavy metals, chromium, is employed widely in the steel,
pigment, alloy, leather tanning, and electroplating
industries. However, excessive chromium consumption
has caused water pollution issues (Sahin et al., 2020).
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Industrial discharges contaminate water with Cr(ll),
which is also eventually genotoxic to living things.
Additionally, it is also carcinogenic and harmful to humans
and aquatic life when it is present in water bodies.
Anorexia, brain damage, and other mental illnesses can
result from consuming water polluted with chromium
(Sahu et al., 2022). The International Agency for Research
on Cancer and the United States Environment Protection
Agency have both classified it as a group Il carcinogen
(Shahim et al., 2019).

Indole and its derivatives are the most important and
commonly utilised heterocyclic molecules in chemical and
pharmaceutical chemistry due to their unique structures
and broad variety of biological and pharmacological
effects (Chen et al., 2022). They are widely used as anti-
inflammatory, antibacterial, antiviral, anti-cancer, anti-
rheumatoidal, anti-HIV, and anti-tumor medications
(Sarkar et al., 2022). Besides, due to its structural
characteristics and biological significance, indole
derivatives have recently received significant attention and
are widely utilised in biosensing and sensing applications
(Ozcan et al., 2019).

Bis-indolylmethane (BIM) is an important indole
derivative consisting of two units of indole linked by a
single methylene bridge (Santos et al., 2024) as shown in
Fig. 1. BIM has demonstrated numerous interesting
biological  functions, including anti-inflammatory,
anticonvulsant, antipyretic, and anti-fungal properties. It is
also important in  numerous natural products,
agrochemicals, fine chemicals, and functional materials
(Jat et al., 2022).

Fig. 1. Example of bis-indolylmethane derivative
(Santos et al., 2024)

Besides, BIM is one of the indole derivatives that have
been reported in Cu2+ colorimetric sensing applications
(Kandasamy et al., 2015). BIM derivatives are commonly
used as colorimetric sensor due to their structure that can
function as a binding affinity control group with an acidic
H-bond donor moiety and a basic H-bond acceptor moiety
(He et al., 2006). These functions improve their sensitivity
and efficiency in sensing applications.

In this study, two different BIM derivatives have been
synthesised and characterised. Their potential as
colorimetric sensors for detection of chromium ions have
also been evaluated using two primary analytical methods
via naked eye study (Yang & Ge, 2023) and UV-Vis

titration analysis in colorimetric sensing analysis and
binding study respectively.

2. Materials and Methods
2.1 Chemicals

Acetic acid and acetonitrile were purchased from Fisher
Scientific, Massachusetts, USA. 5-bromoindole, 4-
hydroxybenzaldehyde,  4-nitrobenzaldeyde, dimethyl
sulfoxide-d6 (DMSQO-d6), diethyl ether and chromium (111)
nitrate nonahydrate were purchased from Sigma-Aldrich,
Darmstadt, Germany. Ethyl acetate was purchased from
Merck KGaA, Darmstadt, Germany. Petroleum ether was
purchased from R&M Chemicals, Semenyih, Selangor. All
chemicals were used without further purification

2.2 Synthesis of Bis-indolylmethane (BIM) Derivatives

5-bromoindole (2 mmol) and substituted benzaldehydes
(1 mmol) were added into a round bottom flask containing
5 mL of acetic acid and was stirred vigorously using a
stirring heating mantle at room temperature for 7 hours.
The reaction mixture was then transferred into a beaker
containing crushed ice to allow precipitation. The
precipitate formed was filtered and washed with diethyl
ether to afford a pure product. The pure product was
allowed to dry at room temperature and characterised using
1H and 13C NMR, FT-IR, and UV-V spectroscopy.

2.3 Colorimetric Sensing Analysis

Stock solutions with concentration of 1x10-3 M for
ligands bis-indolylmethane (BIM) derivatives and Cr3+
were prepared in acetonitrile and deionised water
respectively. The colour changes for 1 mL of the ligands
(1x10—3 M) were observed instantaneously after mixing
with 1 mL of Cr3+ stock solution in a small vial at room
temperature and were recorded using a smartphone camera
(Lietal., 2019).

2.4 UV-Vis Titration Analysis

Solutions with a concentration of 3x10™* M for the
analysed compound (BIM) and 3x1075 M for Cr(NOs)s
were prepared, respectively. Next, 3 mL of the analysed
compound solution was transferred directly into a quartz
cuvette and the spectrum of the solution was recorded
using UV-V is method after each drop of the metal cation
solution was added and uniformly mixed using a
micropipette. All experiments were conducted at room
temperature.

The Benesi-Hildebrand equation (1) was used to obtain
the association constant (Ka). The following equation was
used to calculate Ky:

1 1 1

= +
A— Ao {K(Amax - Ao)[M]} Amax - Ao

M
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A, is the receptor's absorbance in the absence of a guest, A
is the absorbance measured in the presence of an additional
guest, Amax is the absorbance measured in the presence of
an additional [M]max, and Kj is the association constant,
where [M] is [Cr37].

3. Result and Discussion

3.1 Synthesis of Bis-indolylmethane (BIM) Derivatives

All the bis-indolylmethane (BIM) derivatives synthesis
processes were conducted in one pot reaction involving
reaction between 5-bromoindole and three substituted
benzaldehydes to produce two BIM derivatives (1 & 2) as
shown in Fig. 2. Two different methods were applied in the
process: non-reflux method (stirring at room temperature)
and reflux method that required stirring at higher
temperature respectively to compare the product yield for
each method. Acetic acid was used as the catalyst during
the synthesis process, and it also helped to accelerate the

R
H
oV,

/ +

Br Ri Ra
S0
. Substituted

5-bromoindole benzaldehyde

electrophilic substitution reaction between indole and
aromatic aldehyde (El-Sayed et al., 2014).

Based on the result, it is shown that the non-reflux
method was able to produce a higher yield of product range
between 45%-78% (Table 1) in a shorter time compared to
the reflux method that produced only 32% yield in a longer
reaction time. Since a significant percentage of products
were produced at lower temperatures, it is proposed that
this synthesis reaction might be carried out using an
exothermic process (Lu et al., 2006). However, the result
of the reflux method will not be included in this study as
the product yield is too minimal to proceed with the
characterisation and preliminary study on sensor
development.

In the characterisation study of the synthesised products,
a singlet peak displayed in 1H NMR at around 7 ppm
representing the methine group (C-H) and the
disappearance of C=0O peak in 13C NMR and FT-IR
spectra respectively confirmed the formation of the final
BIM compound.

Bis-indolylmethane derivatives

1 R1=H, R>=NO2, R3=H
2 R1=H, R>=0H, R3=H

Fig. 2. General reaction of 5-bromoindole with substituted benzaldehyde to produce bis-indolylmethane derivatives 1 & 2

3.2. Colorimetric Sensing Analysis

Using naked eye study, the colorimetric sensitivity of bis-
indolylmethane (BIM) compounds 1 and 2 to Cr3+ was
evaluated in this study (Fig. 3). The colour changes showed
the highest ability of BIM derivatives to interact or bind
with the chromium ion (Tarasi et al., 2021). Based on the
result obtained, ligand 1 was reported to display the most
intense colour change when its grey colour solution was
turned into light purple after adding grey colour of Cr3+
solution compared to ligand 2, which display no colour
change. Hence, ligand 1 is shown to be more selective and
have the highest potential to interact with Cr3+ (Choi et al.,
2015).

"

-—

1 2 1+ 2+
cr3+ cr3+

Fig. 3. Colour changes of ligand 1 and 2 with Cr®* tested at a
concentration of 1x10°M
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3.3. UV-Vis Titration Analysis

A further UV-Vis titration analysis was conducted on
ligand 1 due to its properties that showed the ability to
make interaction with Cr3+. The UV-Vis spectra of the
free ligand for compound 1 (Fig. 4) exhibits two bands at
235 nm and 285 nm respectively. The strong absorption
band at 235 nm is due to the conjugated aromatic system
n—7™* electron transitions while the medium band at 285
nm is likely due to the result of n—n"* electron transitions
involving lone pairs of the nitrogen atoms near the edge of
the ligand (Zhang et al., 2017).

The titration study between ligand 1 and Cr¥* has
displayed a new absorbance peak formation, indicating an
interaction between them (Fig. 5). Different shifts were
observed in the d-d band of the chromium ion and the
formation of a new peak at around 510 nm was known as
d-d orbital transition of Cr®* (Zhang et al., 2022).
Following 40 times of titration, the interaction between

compound 1 and Cr3*was shown to have reached a plateau
in the rise of the UV-Vis titration. The plateau indicated a
formation of a complex between the compound and the
chromium ion (Fig. 6).

The analysis was continued with the determination of
stoichiometric binding between the ligand 1 and Cr3* ion
based on the association constant (Ka) calculated using the
Benesi-Hildebrand equation. In the UV-Vis titration plot
of the data of 1/(A-A,) against 1/[Cr®%], the ligand's
stoichiometry for the ratio of Cr¥* ion is 1:1, as
demonstrated by the linear relationship with R2 value equal
to 0.9338. Based on the y-intercept value, the value of K,
for ligand 1 interacting with Cr* ion has been calculated
to be 5.7 x10° M2, This value is considered a good value
as it is comparable with the previous study that reported K,
values within the range 103 — 10° M (Alraga et al., 2021;
Igbal et al., 2020).

Table 1. List of bis-indolylmethane derivatives with their percentage yield

Indole Benzaldehyde Compound Percentage of yield
NO,
78%
(Ke et al., 2005)
>
(@]

g\ ZT

Br

OH

45%
(Sharma et al., 2014)
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Fig. 4. UV-Vis spectra of free ligand 1
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Fig. 5. UV-Vis spectra generated from the titration of ligand 1 with Cr3*
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Fig. 6. Formation of complex between BIM derivative and Cr3*

The analysis was continued with the determination of
stoichiometric binding between the ligand 1 and Cr3+ ion
based on the association constant (Ka) calculated using the
Benesi-Hildebrand equation. In the UV-Vis titration plot
of the data of 1/(A-Ao) against 1/[Cr3+], the ligand's
stoichiometry for the ratio of Cr3+ ion is 1.1, as
demonstrated by the linear relationship with R2 value
equal to 0.9338. Based on the y-intercept value, the value
of Ka for ligand 1 interacting with Cr3+ ion has been
calculated to be 5.7 x103 M—1. This value is considered as
a good value as it is comparable with the previous study
that reported Ka values within the range 103 — 105 M—1
(Alraga et al., 2021; Igbal et al., 2020).

4. Conclusion

From the study, it can be concluded that all the bis-
indolylmethane (BIM) compounds have been successfully
synthesised using a convenient room temperature stir
method compared to the conventional reflux method. This
easy and straightforward method is environmentally
friendly and can produce a higher yield of products in a
shorter time. The colour change observed from the
colourimetric sensing analysis also shows that the ligand
can interact with Cr3+. In the UV-Vis titration analysis, the
formation of a new absorbance peak known as the d-d peak
and the calculated association constant (Ka) value also
have proved the ability of the ligand to interact with the
Cr3+ and act as a potential heavy metal ion sensor. Hence,
the potential of BIM derivatives can be explored further for
the future development of heavy metal ion sensors.

Acknowledgement

This research was funded by the Ministry of Higher
Education Malaysia (MOHE) under the Fundamental
Research Grant Scheme (FRGS/1/2023/STG04/USIM/02
/3). A special acknowledgement to Pusat Tamhidi and
Faculty of Science and Technology at Universiti Sains

Islam Malaysia for the research facilities provided
throughout the research.

References

Alraga, S. Y., Alharbi, K., Aljuhani, A., Rezki, N., Aouad,
M. R., & Ali, I. (2021). Design, click conventional and
microwave syntheses, DNA binding, docking and
anticancer studies of benzotriazole-1, 2, 3-triazole
molecular hybrids with different
pharmacophores. Journal of Molecular
Structure, 1225, 129192.

Chen, S., Xia, Y., Jin, S,, Lei, H., You, K., & Deng, G. J.
(2022). A Mild Two-Step Synthesis of Structurally
Valuable Indole-Fused Derivatives. The Journal of
Organic Chemistry, 87(5), 3212-3222.

Choi, Y. W, Lee, J. J,, You, G. R, Lee, S. Y., & Kim, C.
(2015). Chromogenic naked-eye detection of copper
ion and fluoride. RSC advances, 5(105), 86463-86472.

Dahiya, V. (2022). Heavy metal toxicity of drinking water:
A silent killer. GSC Biological and Pharmaceutical
Sciences, 19(1), 020-025.

El-Sayed, M., Mahmoud, K., & Hilgeroth, A. (2014).
Glacial acetic acid as an efficient catalyst for simple
synthesis of dindolylmethanes. Current Chemistry
Letters, 3(1), 7-14.

He, X., Hu, S., Liu, K., Guo, Y., Xu, J., & Shao, S. (2006).
Oxidized bis (indolyl) methane: a simple and efficient
chromogenic-sensing molecule based on the proton
transfer signaling mode. Organic letters, 8(2), 333-
336.

Igbal, M., Ali, S., Tahir, M. N., Haleem, M. A., Gulab, H.,
& Shah, N. A. (2020). A binary copper (1) complex
having a stepped polymeric structure: Synthesis,
characterization, DNA-binding and anti-fungal
studies. Journal ~ of the  Serbian  Chemical
Society, 85(2), 203-214.

Jat, P. K., Dabaria, K. K., Bai, R., Yadav, L., & Badsara,
S. S. (2022). Electrochemical bisarylation of carbonyls:
a direct synthetic strategy for bis (indolyl)
methane. The Journal of Organic Chemistry, 87(19),
12975-12985.

Kandasamy, K., Ganesabaskaran, S., Pachamuthu, M. P.,
Maheswari, R., & Ramanathan, A. (2015). Synthesis of
pyrazolylbisindoles over mesoporous Lewis acidic
ZrTUD-1: Potential application in selective Cu2+
colorimetric detection. Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, 150, 34-
39.

Ke, B., Qin, Y., Wang, Y., & Wang, F. (2005). Amberlyst-
Catalyzed Reaction of Indole: Synthesis of
Bisindolylalkane. Synthetic ~ communications, 35(9),
1209-1212.

Li, X., Zhang, S., Dang, Y., Liu, Z., Zhang, Z., Shan, D., ...
& Lu, X. (2019). Ultratrace naked-eye colorimetric



16 Fauzi et al. / Borneo Engineering & Advanced Multidisciplinary International Journal

ratio assay of chromium (I11) ion in aqueous solution
via stimuli-responsive morphological transformation of
silver nanoflakes. Analytical chemistry, 91(6), 4031-
4038.

Lu, C.,, Chung, Y. L., & Chang, K. F. (2006). Adsorption
thermodynamic and kinetic studies of trihalomethanes
on multiwalled carbon nanotubes. Journal of
hazardous materials, 138(2), 304-310.

Ozcan, E., Kazan, H. H., & Cosut, B. (2020). Recent
chemo-/biosensor and bioimaging studies based on
indole-decorated BODIPY s. Luminescence, 35(2),
168-177.

Sahin, G., Aslan, A., Tuzen, M., & Sari, A. (2020).
Removal of Cr ions from aquatic solutions using olive
leaves as low-cost bio-sorbent. At. Spectrosc, 41(6),
256-262.

Sahu, J. N., Karri, R. R., & Meikap, B. C. (2022).
Adsorption of Cr (VI) Using a Hybrid Evolutionary
Differential and Multivariable Quadratic
Technique. Chemical Engineering &
Technology, 45(10), 1884-1893.

Santos, A. S., Losada-Garcia, N., Garcia-Sanz, C., Silva,
A. M., Marques, M. M. B., & Palomo, J. M. (2024).
Exploring Thermomyces lanuginosus Lipase (TLL)-
PdNPs Nanohybrid as Suitable Catalyst for One-pot
Synthesis of Bis (3-indolyl)
phenylmethane. ChemCatChem, 16(3), €202300748.

Sarkar, D., Amin, A., Qadir, T., & Sharma, P. K. (2021).
Synthesis of medicinally important indole derivatives:

A Review.The Open Medicinal Chemistry
Journal, 15(1).

Shahim, S., Sukesan, R., Sarangadharan, I., & Wang, Y. L.
(2019). Multiplexed ultra-sensitive detection of Cr (I11)
and Cr (VI) ion by FET sensor array in a liquid
medium. Sensors, 19(9), 1969.

Sharma, D. K., Tripathi, A. K., Sharma, R., Chib, R., ur
Rasool, R., Hussain, A., ... & Mukherjege, D. (2014). A
new class of bactericidal agents against S. aureus,
MRSA and VRE derived from
bisindolylmethane. Medicinal Chemistry Research, 23,
1643-1653.

Tarasi, S., Ramazani, A., Morsali, A., & Hu, M. L. (2021).
Highly Sensitive Colorimetric Naked-Eye Detection of
Hgll Using a  Sacrificial Metal-Organic
Framework. Inorganic  Chemistry, 60(17), 13588-
13595.

Yang, F. Q., & Ge, L. (2023). Colorimetric Sensors:
Methods and Applications. Sensors, 23(24), 9887.
Zhang, G., Savateev, A., Zhao, Y., Li, L., & Antonietti, M.
(2017). Advancing the n— =* electron transition of
carbon nitride nanotubes for H 2
photosynthesis. Journal of Materials Chemistry

A, 5(25), 12723-12728.

Zhang, Z. C., Zhang, T., Su, C. Y., Lun, M. M., Zhang, Y .,
Fu, D. W., & Wu, Q. (2022). Competitive Dual-
Emission-Induced Thermochromic Luminescence in
Organic—Metal Halides. Inorganic Chemistry, 61(34),
13322-13329.



