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Sodium dodecyl sulfate (SDS) is widely used in numerous household products and pharmaceuticals due to
its excellent water solubility, emulsification, foaming, and dispersing properties. However, the extensive use
of SDS has made it a significant environmental pollutant, posing a great threat to aquatic ecosystems.
Therefore, developing a rapid, efficient, and sensitive probe for detecting SDS in aqueous environments
is crucial. In this study, we present a cationic imidazolium-conjugated perylene bisimide (PBI)
compound, as an effective probe for detecting SDS in aqueous media. The probe exhibits a distinct color
change from dark pink to light pink upon interaction with SDS, making it a simple yet powerful tool for
naked-eye detection. Moreover, the strong electrostatic interaction between the positively charged PBI
compound and the negatively charged sulfate group in SDS leads to the formation of closely packed
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Accepted 20th January 2025 detection of SDS at micromolar concentrations. We further demonstrate the practical application of PBI
compound for sensitive and selective fluorometric detection of SDS in home-care items and tap water

DOI: 10.1039/d4ay02122c samples. These findings highlight the potential of such compounds as versatile tools for both
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1. Introduction

Sodium dodecyl sulfate (SDS), also known as sodium lauryl
sulfate (SLS), is one of the most widely used anionic surfactants
in various commercial products, including shampoos,
cosmetics, pharmaceuticals, and laundry detergents." Its
popularity stems from its excellent emulsifying properties,
water solubility, and ability to disperse particles effectively.>?
However, because SDS is not biodegradable and can be absor-
bed by the human body, it is considered an environmental
pollutant and potentially toxic to humans, especially at higher
concentrations.** For these reasons, accurately monitoring SDS
levels is essential for ensuring commercial product safety, pre-
venting environmental pollution, and maintaining compliance
with regulatory guidelines.

Various techniques are utilized to detect SDS with high
selectivity and sensitivity, including mass spectrometry, liquid
chromatography, and polyelectrolyte microcapsules (PMC).”™
However, these methods often involve elaborate sample prep-
aration, expensive equipment, and complex operational proce-
dures. Consequently, utilizing fluorescence probe molecules for
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environmental monitoring and product safety applications involving sulfate-containing species.

these applications has received tremendous attention, as they
pose a versatile alternative strategy for facile, highly sensitive,
and selective detection. Recently, Ghosh et al.* reported a zir-
conium(wv)-based functionalized Metal-Organic Framework
(MOF) for the selective detection of SDS; however, the time-
consuming sample preparation, emission in the blue region
and detection time along with the heavy metal composition
limits its potential for widespread use. Shanmugam et al.™
developed a phenanthridinium-based conjugated probe for the
detection of SDS; despite the good sensitivity of the probe, the
utilization of the organic medium DMSO for sensing purposes
limits the commercial potential of the probe. Moreover, various
conjugated polymer complexes with nanoparticle or fluorescent
dyes have been reported to detect SDS; however, tedious
synthesis of the polymers and the requirement of an additional
dye or nanoparticle necessary for detection hinder further
development and field implementation.”*"* Zhang et al™
developed a tetraphenylethylene (TPE)-based fluorescent probe
for detecting anionic surfactants through aggregation-induced
fluorescence enhancement; despite achieving a detection limit
of approximately 0.01 uM, the synthesis of this probe is chal-
lenging. Other studies, such as those by Chen et al., Feng et al.,
and Gao et al.,"”>"” have explored the use of cationic fluorescent
probes for detecting negatively charged species like sulfate
groups. However, these approaches often face challenges such
as limited detection sensitivity, the use of heavy metals, and
complex, multi-step synthesis.

This journal is © The Royal Society of Chemistry 2025
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Motivated by the above deficiencies, we designed and
synthesized the imidazolium conjugated perylene bisimide
(PBI)-based compound 5 as shown in Scheme 1, for the efficient
detection of sulfate-containing compounds such as SDS in 99%
aqueous media. We point out that this molecule is reported for
the first time in literature. Compound 5 is readily synthesized in
90% yield by the N-acylation of 3,4,9,10-perylenetetracarboxylic
dianhydride with 4-aminoethyl-imidazole followed by
methylation.'*>

Compared to literature reports (Table S3, ESIt), the simple
and cost-effective synthesis, emission in the visible region,
quick response time, and ease of sample preparation for fluo-
rescence studies demonstrate the competitive performance of
compound 5 towards SDS detection. To the best of our knowl-
edge, the response time of compound 5 (~10 s) is among the
best reported so far. Notably, PBI-surfactant assemblies have
been evaluated previously for the detection of, e.g., metal ions or
antibiotics. However, they are less explored for the direct
detection of surfactants in home-care products.****

The reason for selecting PBI as a probe fluorophore stems
from its high photostability, high fluorescence quantum yield,
and strong absorption in the visible range.”****” Further,
conjugating it with a positively charged N-methylated imida-
zolium ring allows it to interact with negatively charged
surfactants such as SDS via electrostatic interactions.?® Disso-
lution of compound 5 in aqueous solutions renders the solution
pink; however, upon adding SDS, the color fades and gradually
becomes colorless. The optical change results from the elec-
trostatic interaction between compound 5 and SDS, leading to
the formation of closely packed self-assemblies, thus quenching
fluorescence emission and triggering a color change.
Compound 5 can efficiently detect SDS up to the micromolar
range, while it features high selectivity towards SDS in house-
hold items such as detergents, soaps, facewash, shampoo, and
tap water.

2. Experimental

2.1. Synthesis and characterization of precursor compound
3 (ref. 21, 29 and 30)

To a well-stirred suspension of perylene-3,4,9,10-tetracarboxylic
dianhydride 1 (2.7 mmol) in 80 mL dry dimethylformamide, 1-
(3-aminopropyl)imidazole 2 (5.86 mmol) was added slowly

N
e DMF, Ar
140°C,72h

CH,! (4), dry DMF
140°C,72h
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Scheme 1 The synthetic route for the acquisition of compound 5.
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dropwise under inert atmosphere (Ar). The resulting reaction
mixture was refluxed at 140 °C for 72 h. The resultant red
precipitate was filtered off and thoroughly washed with cold
water and methanol to yield compound 3 (1.50 g, 93%). As
compound 3 has poor solubility in CDCl;, 'H and *C NMR
spectra were obtained only after its methylation.

2.2. Synthesis and characterization of compound 5

To a suspension of compound 3 (1 equiv.) in 30 mL dry DMF,
methyl iodide (2.5 equiv.) was added dropwise; the resultant
mixture was refluxed at 140 °C for 72 h. Following this, the
reaction mixture was cooled down, and the resultant solvent
was removed under vacuum. The reddish solid was filtered and
washed with water and methanol, yielding pure compound 5
(90% yield). The structure of compound 5 was confirmed from
its spectroscopic data (Fig. S1-S3, ESIt). The "H-NMR spectrum
of compound 5 exhibited a singlet at 9.19 ppm corresponding to
protons of imidazolium ring, two doublets at 8.60 and 8.35 ppm
corresponding to aromatic protons, two singlets at 7.87 and
7.79 ppm corresponding to imidazolium protons, a triplet at
4.37 ppm, a broad peak at 4.16 ppm and a broad multiplet at
2.31 ppm corresponding to aliphatic protons, the singlet at
3.93 ppm is corresponding to -CH; protons. The exact mass of
the compound deriving from the molecular formula
C35H3,Ng04>" corresponds to 636.247 and was confirmed by
MALDI-TOF measurements.

3. Results and discussion

3.1. Photo-physical properties of compound 5

3.1.1. Self-assembly behavior of compound 5. The UV-vis
spectrum of compound 5 (10.0 uM) in DMSO exhibits three
absorption bands at 527, 490, 465 nm and a weak broad
shoulder at 425 nm, which is characteristic of the electronic
transitions 0-0, 0-1, 0-2, 0-3 of PBI core moiety, respectively
(Fig. 1A).** The absorbance intensity of 0-0 transition (Apax =
527 nm) is higher than 0-1 transition (Ap.x = 490 nm).
Furthermore, the ratio of absorption intensity at 0-0 to 0-1 (4,_
o/Ap-1) transition suggests the extent of aggregation in PBI
molecules.?” Herein, 4y_¢/Ao-1 has a value close to ~1.6 sug-
gesting that compound 5 exists in the monomeric form in pure
DMSO.* However, in a 99% vol. fraction of water (f;,), a red shift
in the absorption band is observed (537, 495, 470 nm) along
with a decrease in absorbance intensity. Furthermore, the 4,_o/
Ao, value decreases to 0.56, indicating aggregation of the
molecules of compound 5 in 99% vol. H,O fraction.**

Fluorescence studies show that a DMSO solution of
compound 5 (10.0 pM) is highly emissive (¢ = 12.82%),
exhibiting three emission bands at 542, 579, and 630 nm,
respectively, when excited at Ax = 490 nm. Further, the emis-
sion spectrum of compound 5 in 99% volume fraction (f;,) of
H,O is red shifted (544, 587 and 640 nm) followed by a sharp
decrease in emission intensity (¢ = 4.94%) (Fig. 1B). This
reduction in intensity and red shift in the absorbance and
emission spectrum in 99% volume of H,O fraction (f,,), is due to
the strong intermolecular -7 stacking indicating formation of
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ay02122c

Open Access Article. Published on 31 January 2025. Downloaded on 2/20/2026 4:28:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analytical Methods

1 - A) 0-0

% vol. water fraction
—0
1—99

0 T T ]
400 500 600 700
Wavelength (nm)

>

9

o
.

Absorbance (a.u.)
[=)
N
(%,

1.50E+06 -
B)

% vol. water fraction
—0

1.00E+06 -

5.00E+05 -

Intensity (a.u.)

0.00E+00 T T T
500 550 600 650
Wavelength (nm)

700

Fig. 1 (A) The absorption and (B) the fluorescence spectra of
compound 5 (10.0 uM) at Aex = 490 nm in 0% and 99% H,O in DMSO.

aggregates.*® Further, SEM images of assemblies of compound 5
showcase an aggregate formation (Fig. 2B).

Subsequently, we examined the self-assembly behavior of
compound 5 in 99% H,O (f,,) by observing changes in the
absorbance and emission spectra by varying the solution
temperature. Upon progressive increase in temperature from
25 °C to 90 °C, the vibronic transitions 0-0 and 0-1 display
a hypsochromic shift together with a gradual increment in Ao/
Ay-y value from 0.55 to 0.85 (Fig. S4A, ESIt). On the other hand,
with the gradual increase in temperature, the emission spec-
trum exhibits a significant 8.9-fold increment (Fig. S4B, ESIT).
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Fig. 2 (A) The emission spectra of compound 5 (10.0 uM) upon step
wise addition of 1.0 mM SDS (0.0-200.0 pl) in 99% H,O in DMSO at A,
=490 nm; inset photograph of compound 5 (i) in absence of SDS (ii) in
presence of SDS; SEM images of compound 5 at 50 um scale (B) in
absence of SDS and (C) in presence of SDS in 99% H,O fraction.
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The increase in absorption and emission intensity, accompa-
nied by an increase in the Frank-Condon vibration coupling
ratio, indicates that at ambient temperature, the molecule of
compound 5 exists in aggregated forms, which tend to disag-
gregate at higher temperatures.®*® Additionally, these observa-
tions strongly suggest the occurrence of H-aggregates, in which
perylene nuclei stack in a face-to-face fashion along the longi-
tudinal axis of the molecule.*”

3.2. Sensing performance of compound 5

As compound 5 is functionalized with perylene bisimide units
appended to positively charged N-methylated imidazolium rings,
we examined its response toward the anionic surfactant SDS. The
UV-vis spectrum of compound 5 (10.0 uM), upon progressive
addition of 1.0 mM SDS solution (0.0-200.0 pL) in 99% volume of
H,O fraction (f;,), displays a broadening of the absorbance band
along with the bathochromic shift of the two bands and
appearance of leveling of the tail (Fig. S5, ESIt). This indicates
surfactant-induced enhanced w-7 stacking, thus increasing the
tendency of aggregation within the molecules of compound 5.

The fluorescence studies of compound 5 in the presence of
1.0 mM SDS solution (0.0-200.0 pL) displayed a strong
quenching in emission intensity by 97% (¢ = 1.18%) (Fig. 24A).
This optical change in the presence of SDS was visible to the
naked eye as the color of the solution, changed from pink to
light pink. According to studies, exposure to a concentration of
SDS of more than 1.25 mM is toxic to human health.*® Hence, it
is paramount to determine our method's detection limit. Thus,
the detection limit of compound 5 for SDS calculated by the
standard calibration method was found to be 8.65 x 107> M
(86.5 uM), which is low enough to detect SDS in real-world
samples (Fig. S6, ESI{).*

Further, to evaluate the selectivity of compound 5 for SDS, we
examined the emission response towards various interfering
anions (CO;>", SO,>7, S,05>7, PO,*>”, CH;COO, CI-, Br
NO;~, SCN™), metal ions (K', Na*, Ca**, Mg”"), cationic surfac-
tant CTAB and neutral surfactant TritonX in 99% H,O volume
fraction (f,,).*

Interestingly, the emission spectrum in the presence of these
interfering analytes (0.0-1.0 mM) does not exhibit a significant
change, showcasing the minimum impact on the PL spectra of
5. Notably, we also examined the response towards sulfate
anions such SO, and S,05%". Apparently, only a slight 0.67-
fold quenching was observed in the presence of these analytes
(Fig. S7, ESIt). Moreover, to illustrate the potential of
compound 5 in complex matrices, we carried out a selectivity
experiment in the presence of SDS mixed with the corre-
sponding interfering analytes (0.0-1.0 mM) (Fig. 3A). Evidently,
no significant change was observed. The above studies
demonstrate the high selectivity of compound 5 towards SDS,
even in the presence of interfering analytes.

3.3. Sensing mechanism

The sensing mechanism for SDS was investigated by zeta
potential, scanning electron microscopy (SEM) and 'H-NMR
studies. The zeta potential gives the surface charge of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) The fluorescence emission response for compound 5 (10.0
pM) in 99% H,O in DMSO in the presence of SDS and various
competitive interfering analytes (0.0—-1.0 mM) at Aex =490 nm. The red
column represents the fluorescence emission of the probe alone; the
green columns show the fluorescence emission of each interfering
substance added to the probe; and the light pink column represents
the fluorescence emission of the probe after adding SDS to each
sample containing the specific interfering substances. (B) The 'H-NMR
of compound 5 in DMSO-dg : D,O (9 : 1, v/v) upon addition of SDS (1.0
mM) dissolved in DMSO-dg : D,O (9 : 1, v/v) as solvent mixture. (C) The
fluorescence response of compound 5 (10.0 pM) in aqueous media, in
the presence of various household items that may contain SDS (Table
S1, ESIF).

aqueous assemblies of compound 5 and is the key parameter in
controlling electrostatic interactions between the probe mole-
cule and the analyte. A solution of compound 5 (10.0 uM) in
H,O0, exhibited a positively charged zeta potential (§) value of
+25.7 mV in an aqueous medium (Fig. S8, ESIt). In contrast, the
zeta potential of SDS (1.0 mM) was measured to be —42.5 mV
under the same conditions (Fig. S9, ESIT). After the addition of
SDS to the aqueous solution of compound 5, the zeta potential
(6) of compound 5-SDS was reduced to —2.40 mV, which
suggests that compound 5 interacts with the negatively charged
SDS via electrostatic interactions (Fig. S10, ESI{).'*'**"*> SEM

This journal is © The Royal Society of Chemistry 2025

View Article Online

Analytical Methods

studies of compound 5 in an aqueous medium show segregated
aggregates, whereas in the presence of SDS, tend to form closely
packed aggregates (Fig. 2B and C).

The interaction between compound 5 and SDS was further
investigated by "H-NMR titration carried out in DMSO-dg : D,O
(9: 1, v/v) solvent mixture (Fig. 3B). Upon adding 1.0 mM of SDS
solution (DMSO-ds: D,0, 9:1, v/v) to a compound 5 solution,
there is an downfield shift of the imidazolium's protons. This
indicates increased deshielding of these protons, which can be
explained by the appearance of hydrogen bonds between SDS
and imidazolium (~Aé = 0.01 ppm).**** Conversely, the
protons in the perylene core have been up-fielded (Aé = 0.06
ppm). This is a characteristic protection effect of the aromatic
protons upon distancing the aromatic cores of perylenes. The
SDS intercalates the molecules, and the higher distance
between the perylene cores yields an upfield shift of the specific
protons. It can be viewed as a side effect of the electrostatic
interaction of the SDS with imidazolium, yielding a higher steric
effect and, in such a way, shifting the - interactions.***” This
agrees with the aforementioned reported interaction mecha-
nism between SDS and compound 5.

3.4. Fluorescence lifetime studies in the presence of SDS

We investigated the fluorescence decay life-time of compound 5
in the absence and presence of SDS in 99% H,O fraction (f)
volume using time-resolved fluorescence spectroscopy (Fig. S11,
ESIt). The 99% aqueous solution of compound 5 exhibits bi-
exponential decay lifetimes with values of 92.86%, 1, = 4.00
ns and 7.14% 1, = 7.38 ns. Upon adding SDS, the corresponding
lifetimes decrease (12.11%, 14 = 2.46 ns, 87.84%, 1, = 4.54 ns).
This suggests that the interaction between compound 5 and
SDS is dynamic in nature.

4. Applications

The methylene blue active substances (MBAS) method is stan-
dard for determining anionic surfactants such as SDS in various
water sources and samples.”® The method relies on the devel-
opment of an ion pair between the anionic surfactant SDS and
the cationic dye MB, followed by their transportation from the
water phase to the organic phase (chloroform). There is a color
change once methylene blue is transported to the organic layer.
Though this method has gained a lot of attention due to its
simplicity, it is a time-consuming, cumbersome procedure, and
using the toxic organic solvent chloroform makes it less desir-
able. On the other hand, our strategy involves utilizing a single
phase, while no secondary preparation allows the direct detec-
tion of SDS in aqueous media. Based on the above results, we
explored our developed probe for the (i) qualitative detection of
surfactants in commercial products and (ii) tap water.

4.1. Qualitative detection of surfactants in real samples

Based on the excellent sensitivity and selectivity of compound 5
towards SDS, we evaluated the performance of an aqueous
solution of compound 5 for the detection of anionic surfactants
such as sodium lauryl sulfate (SLS) in 17 commercially available

Anal. Methods, 2025, 17, 1784-1789 | 1787
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Table 1 The detection of SDS in tap water
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Sample number Spike concentration (mM)

Determined concentration (mM)

% RSD (N = 3) Recovery (%)

1 0.080 0.073
0.090 0.094
3 0.200 0.199

household items: shampoo, hand wash soap, dishwasher soap,
surface cleaner, etc. Towards this end, corresponding house-
hold samples (0.5 mL) were dissolved in deionized water (15
mL), followed by centrifugation for 90 minutes at 40 000 rpm to
obtain a clear solution. The emission intensity of the aqueous
solution of compound 5 was quenched in the samples con-
taining SDS/SLS, whereas the samples without this surfactant
did not show a significant change in emission intensity (Fig. 3C,
Table S1, ESIf). This emission change was visible to the naked
eye as the pink aqueous solution of compound 5 gradually
faded. Despite this performance, a quantitative analysis of these
surfactants could not be performed due to the complex matrix
of corresponding commercial products.

4.2. Detection of SDS in tap water

The selective response of compound 5 towards SDS, even in the
presence of other interfering ions and molecules, was evaluated
using tap water. The tap water was diluted 150 times with
distilled water; the emission spectrum of compound 5 was
recorded, which in the presence of SDS featured a quenching in
the sample's emission intensity (Fig. S12, ESIt). Furthermore, to
identify the detection performance of compound 5, various
concentrations of SDS were added to the tap water solution,
followed by a standard calibration procedure to calculate the
SDS concentration. As shown in Table S2,f after adding
a certain concentration of SDS (0.050 and 0.200 mM) into the
tap water, the determined SDS concentrations were found to be
0.045 and 0.200 mM with the recovery percentage ranging from
90 to 100%, coupled by RSD values of 0.005 to 0.021 (n = 5).
Taking a step further, we decided to use tap water without
dilution. Various concentrations of SDS were added to the tap
water and analyzed with an aqueous solution of compound 5
using a standard calibration method (Fig. S13, ESIT).*® As shown
in Table 1, after the addition of a specific concentration of SDS
(0.080, 0.090, and 0.200 mM) into the tap water, the determined
SDS concentrations were found to be 0.073, 0.094, and
0.199 mM, respectively. The addition exhibits an excellent
recovery percentage from 91.2 to 99.5%, along with recorded
relative standard deviations of 0.47-2.91%, demonstrating the
potential of compound 5 to detect SDS in real water samples.

5. Conclusions

This study introduces a novel approach using a cationic
imidazolium-conjugated perylene bisimide (PBI) molecule,
termed compound 5, designed for sensitive and selective
detection of SDS. We point out that this molecule is reported for

1788 | Anal. Methods, 2025, 17, 1784-1789

1.28 91.2
2.91 95.7
0.47 99.5

the first time in literature. The probe exhibits dual functionality,
enabling both colorimetric detection through a visible color
shift (from pink to light pink) and fluorometric detection via
fluorescence quenching, effective at micromolar concentra-
tions. These detection mechanisms are based on the strong
electrostatic interactions between the positively charged probe
and the negatively charged sulfate groups in SDS, resulting in
molecular aggregation and a marked fluorescence quenching
effect. The versatility of our method, allowing for naked-eye
detection and quantitative analysis with minimal instrumen-
tation, sets it apart as a facile, practical solution for SDS
monitoring across diverse applications. Beyond addressing
a specific analytical challenge, our work contributes to the
broader field of nanoscale materials by demonstrating the
versatility of perylene bisimide derivatives as sensitive, sulfate-
specific probes. Moreover, the possibility of depositing
a water-soluble derivative and using it to detect SDS even in the
vapor phase represents an important advancement for devel-
oping sensors for food and dairy product quality assessment
without sample pre-preparation.
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