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Excited-state AIE material for differential
recognition of toxic hair color ingredients:
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We designed and synthesized an imino-linked dansyl-based molecule, DHNB, which exhibits interactions
with the hair color ingredient p-phenylenediamine (PPD) and its oxidative trimer, Bandrowski's Base (BWB),
over other analytes tested. Variable interactions, such as intra- and inter-molecular hydrogen bonding and
environment-responsive conformational dynamics, were observed, leading to contrasting responses
amongst the most responsive analytes. DHNB exhibits Excited State Intramolecular Proton Transfer (ESIPT)-
assisted Aggregation-Induced Emission (AIE) in MeOH : H,O (10:90), which is utilized for the detection of
hair color ingredients. The presence of BWB quenches the fluorescence emission of DHNB in MeOH : H,O
(10:90) at 497 nm, whereas in the presence of PPD, the emission at 497 nm is quenched, with
simultaneous appearance of a new blue shifted band at 402 nm. Importantly, the successful detection of
PPD in a commercial hair color sample underscores the practical applicability of DHNB. Furthermore,
variations in the charge transport properties of DHNB in MeOH : H,O (10:90) and upon interaction with
BWB/PPD were observed via current—voltage (/-V) measurements, suggesting its strong potential as an
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1. Introduction

Analyte-specific recognition is one of the main design principles
of supramolecular systems used as templates for chemosensing
applications."” Designing such excited-state systems becomes
challenging because of the high sensitivity and selectivity of the
fluorescence technique.>* The task is accomplished by designing
molecular building blocks inspired by various mechanistic
approaches and cementing them covalently for recognition of
the targeted analyte.>® Few limitations of conventional excited
state systems, such as aggregation-caused quenching, were self-
addressed after the discovery of the phenomenon of Aggregation-
Induced Emission (AIE).” Further, incorporation of a dual
approach, viz., Excited State Intramolecular Proton Transfer
(ESIPT)-assisted AIE, initiated the design and synthesis of more
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complex systems for recognition of different analytes of environ-
mental and biological significance.®’

In this context, our research focuses on the design and
synthesis of new AIE materials for sensing applications.'*'" Recently,
we reported an AlE-active molecule for multimodal recognition of
antibiotics'* and related efforts, highlighting its potential for foren-
sic applications.™ In continuation of our research program to design
and synthesize new AIE materials for molecular recognition, in the
present study, we report a dansyl-based system, DHNB, which
displays ESIPT-assisted AIE behavior in a MeOH:H,O (10:90)
solvent mixture. The aggregates of the system are utilized for the
detection of hair color ingredients and their analogues, namely,
Bandrowski’s Base (BWB), p-phenylenediamine (PPD), o-phenyl-
enediamine (OPD), m-phenylenediamine (MPD), hydroquinone
(HQN), 2,4-diaminopyrimidine (DPM), melamine (MLN), and triphe-
nylmethanamine (TMA) (vide infia).

Despite several reports of PPD detection
side effects,"”’2° many commercial hair dyes available in the
market continue to use PPD as the main coloring ingredient.
PPD in hair dye formulations is subjected to oxidation in the
presence of an oxidizing agent, generally H,0,, before being
applied to the scalp, forming a trimeric oxidized product, ie.,
Bandrowski’s base (BWB), through a free radical reaction
pathway.”" Though few reports claim that BWB is less toxic than
PPD because of its higher molecular weight and limited epidermal
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Fig. 1 (a) Synthetic route of compound DHNB; and (b) reference com-

pound DHSD.

Fig. 2 X-ray structure of DHNB, highlighting two types of hydrogen
bonding interactions: intramolecular hydrogen bonding (shown in light
green) and intermolecular hydrogen bonding (shown in orange), forming a
chain-like arrangement (blue).

penetration,**** the extent of PPD conversion to BWB in actual

formulations remains poorly quantified. There is also a possibility
that PPD and BWB can coexist when the consumer uses the hair
dye formulation. PPD is known to cause allergic dermatitis,* and
the role of BWB is speculative, although reports claim that the
PPD only acts as a prohapten and is transformed into BWB, which
acts as a hapten and is the main cause of skin allergies.>*** Thus,
the role of BWB as an allergen cannot be ruled out. Different
fluorescent probes for PPD detection are listed in Table S1 of the
SI. Within the limits of our information, optical sensors for BWB
are not available in the literature.

Herein, we show that DHNB (Fig. 1a and 2) exhibits ESIPT-
assisted AIE behavior facilitated by the modulation of its
orientation (vide infra). The aggregates of DHNB show a con-
trasting fluorescence behavior towards both analytes (BWB and
PPD). The increased global use of hair dyes in recent years®
underscores the need for reliable detection of components such
as BWB and PPD. Thus, developing a single probe capable of a
contrasting mode detection for both compounds is highly
significant. To the best of our knowledge, a fluorescent che-
mosensor for BWB and a chemosensor that can differentiate
between BWB and PPD in a contrasting manner are unprece-
dented in the literature. Keeping in view the significance of the
work, we further explored the I-V behavior of the native
molecule as aggregates in the presence and absence of both
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of the above-mentioned analytes to establish its potential for
the development of an electrical sensor device.””"*®

2. Experimental section

2.1. Materials and instrumentation

All commercially available chemicals and analytical-grade sol-
vents were purchased from reliable suppliers and used without
further purification. The commercial hair color utilized for the
study was purchased from a local market. "H and *C NMR
spectra were recorded on a JEOL ECX 500 MHz spectrometer
with TMS as internal standard. Mass spectrometry was per-
formed using an HRMS Bruker Impact HD. Single-crystal X-ray
data were collected on a monochromated (multilayer optics)
dual-source (Cu and Mo) Bruker D8 Venture, equipped with an
Eos CCD detector, using MoKa (1 = 0.71073) at 171 K. Data
acquisition, reduction and multi-scan absorption correction
were performed with the Bruker Apex4 suite. The structure
was solved by SHELXT and refined by SHELXL2019/3. Ultraviolet-
visible absorbance spectra were recorded on a UV-visible spectro-
photometer (Shimadzu UV-2450), and fluorescence studies were
performed using an Agilent fluorescence spectrometer (Cary
Eclipse). Fluorescence lifetime measurements were performed
using a Delta Flex TCSPC system (Horiba Scientific), with pulsed
LED sources. DLS was performed on a Zetasizer Nano ZS from
Malvern Instruments Ltd. Scanning electron microscopy (FE-
SEM, ZEISS, Gemini SEM 500) and transmission electron micro-
scopy (HR-TEM, Thermo Fisher, Tecnai G2 20 S-TWIN) were used
for microscopic imaging. For the fabrication of sensor devices, Ti/
Pt micro-interdigitated electrodes (IDE) were fabricated using DC
magnetron sputtering on cleaned (acetone, IPA and DI ultraso-
nicated) glass substrates, followed by deposition of the sensor
thin film by spin coating at 3000 rpm for 30 s. The current-
voltage (I-V) characteristics were measured using a Keithley SCS
4200 system.

2.2. Synthesis of probe DHNB, reference compound DHSD
and analyte Bandrowski’s base BWB

Synthesis of 5-(dimethylamino)-N'-(2-hydroxy-5-nitrobenzylidene)-
naphthalene-1-sulfono hydrazide (DHNB): ethanolic solutions
of dansyl hydrazine (1) (30 mg, 0.11 mmol) and 2-hydroxy-5-
nitrobenzaldehyde (2) (18.9 mg, 0.11 mmol) were refluxed for
30 h (Fig. 1a). The completion of the reaction was marked by
color change of the yellow colored reaction mixture to dark
pink. The product was recrystallised and collected from ethanol
(yield = 89%); mp: 190 °C; "H NMR (500 MHz, CDCl,) 6 10.81 (s,
1H), 8.94 (s, 1H), 8.62 (d, J = 8.4 Hz, 1H), 8.42 (d, J = 7.5 Hz, 1H),
8.35 (d, ] = 8.4 Hz, 1H), 8.08 (dd, J = 9.1, 2.7 Hz, 1H), 7.98 (d, ] =
2.7 Hz, 1H), 7.90 (s, 1H), 7.60 (td, J = 8.3, 2.6 Hz, 2H), 7.20 (d, ] =
7.3 Hz, 1H), 6.92 (d, J = 9.3 Hz, 1H), 2.88 (s, 6H); >*C NMR (125
MHz, CDCl;) § 163.01 (s), 148.02 (s), 140.39 (s), 131.76-131.36
(m), 129.26 (s), 127.21 (s), 126.79 (s), 123.51 (s), 117.92 (s),
115.72 (s), 45.52 (s) (Fig. S1 and S2); HRMS found [M + HJ":
415.1184 (Fig. S3). Crystals were obtained by slow evaporation of

This journal is © The Royal Society of Chemistry 2026
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DHNB in DCM: hexane (1:2) solution. Crystal data for DHNB is
available at CCDC number: 2480993.

The reference compound DHSD (Fig. 1b) was synthesized by
following the reported procedure.>® Analyte BWB was also
synthesized from PPD.*°

3. Results and discussion

3.1. Single-crystal X-ray diffraction of DHNB

The structure of DHNB was confirmed by single-crystal X-ray
diffraction (SCXRD), in addition to NMR and mass spectro-
metry. DHNB crystallizes in the trigonal space group R3 and
comprises two distinct subunits: the dansyl moiety and the 2-
hydroxy-5-nitrobenzaldehyde fragment, connected via an imine
linkage (Fig. S4). These subunits exist in two different planes,
linked via a sulfur atom, where S1-N4-N5 has a bond angle of
115.81° (Fig. S4 and S5), resulting in a V-shaped arrangement.
The dansyl moiety is found disordered and was refined over 2
sites (64/36 ratio). Further, we observed that the three molecu-
lar units are arranged in a particular fashion, with the naphthyl
rings of these three dansyl units lying in three different planes
at an angle of 82.42° (Fig. S4 and S5).

DHNB exhibits two types of hydrogen bonding interactions.
The first one is an intramolecular hydrogen bond between the
hydroxyl (O16) hydrogen and the imino nitrogen (N5) (O-
H--N), (Fig. 2 and Table S3). The second type is an intermo-
lecular hydrogen bond between the oxygen (02) of the sulfonyl
group in one DHNB molecule and the -NH proton of an
adjacent DHNB molecule (N-H---O), extending into a 1D
chain-like twisted array along the c-axis (Fig. 2 and Table S3).
Along these hydrogen-bonding interactions, additional C-
H---m interactions occur between the naphthalene rings of
different molecules (Fig. S6). Furthermore, parallel displaced
n- - - stacking interactions are observed between the naphtha-
lene moieties and the 2-hydroxy-5-nitrobenzaldehyde units (Fig.
S6). The overall structure forms a hexagonal arrangement, with
hydrophobic N-methyl groups positioned inside the hexagonal
core within the assembly (Fig. S7).

3.2. Photophysical properties of DHNB

Investigation of the solvent sensitivity of the designed donor-
acceptor system DHNB revealed its diverse fluorescence
response in different solvent media. While going from non-
polar solvents to polar solvents, the sharp emission peaks in the
fluorescence spectra of DHNB (5.0 uM) around 400 nm, 430 nm
and 450 nm, respectively, in n-hexane, chloroform (CHCl;) and
dichloromethane (DCM) became broader and red shifted in
tetrahydrofuran (THF) and ethyl acetate (EtOAc) and eventually
disappeared in ethanol (EtOH), methanol (MeOH) and deio-
nized water (H,0), showing only one broad emission peak aided
with significant red shift, with rise in solvent polarity (Fig. S8). It
can be speculated that sharp emission peaks of DHNB in non-
polar solvents, where intramolecular hydrogen bonding may be
strong, arise from the facilitation of excited-state intramolecular
proton transfer (ESIPT) phenomena due to stabilization of the

This journal is © The Royal Society of Chemistry 2026
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proton-transferred excited state, along with locally excited (LE)
states.®’ In addition, the synergistic effect of ESIPT and inter-
molecular hydrogen bonding gives rise to a charge transfer (CT)
state, through enhancement of conformational changes in
DHNB, accompanied by distortion within the molecule, emer-
ging as a red shifted band in the emission spectra.>> However,
we hypothesized that in the presence of polar protic environ-
ments, DHNB undergoes inhibition of ESIPT phenomenon
because of interference from solvent protons, leading to inhibi-
tion in the formation of the six membered cyclic intermediate,
which is an essential requirement for ESIPT, causing disappear-
ance of its emission peaks and forming a charged-separated
state, which appears as a red shifted single emission peak,
reported to be more effectively stabilized by polar solvents.*?
Additionally, the high susceptibility of this CT state towards
non-radiative decay as compared to the LE state is observed as a
substantial drop in fluorescence intensity of DHNB in polar
solvents.** We also confirmed the overall stability of DHNB with
the help of NMR and fluorescence spectroscopy. The compound
was found to be stable even after prolonged storage and
exposure to 365 nm UV illumination (Fig. S27 and $28).

3.3. Aggregation-induced emission in DHNB

The preliminary AIE behavior of DHNB was investigated across a
range of MeOH and H,O mixtures (0% to 90%) under 365 nm UV
illumination (Fig. 3a). The fluorescence spectra at all ratios were
recorded, and the maximum fluorescence intensity of DHNB
(5.0 uM) with emission band at 497 nm was observed in the
MeOH : H,0 (10:90) solvent fraction (1ex = 326 nm) (Fig. 3b). To
confirm the attribution of this fluorescence enhancement to the
formation of aggregates, DLS, SEM and TEM studies were
performed. DLS of DHNB in 100% MeOH showed an average
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Fig. 3 (a) DHNB (5.0 uM) in varying % H,O fractions in mixtures with
MeOH captured under 365 nm UV illumination and (b) fluorescence
emission spectra of DHNB (5.0 uM) in varying % H,O fractions in mixtures
with MeOH (dex = 326 nm).

J. Mater. Chem. C, 2026, 14,1579-1586 | 1581


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc03630e

Open Access Article. Published on 01 December 2025. Downloaded on 4/10/2026 2:40:54 PM.

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

(cc)

Paper

particle size of 63 nm (PDI = 0.13), whereas the DLS of DHNB in
MeOH : H,0 (10:90) showed a substantial increase in particle
size, indicating the possibility of aggregate formation, though
with a broad size distribution range (PDI = 0.87) (Fig. S9). Further
investigation through SEM and TEM revealed the presence of a
self-assembled network of DHNB in MeOH:H,O (10:90) in
comparison to the dispersed particles of DHNB as observed in
100% MeOH (Fig. 4). This network can be identified as an
ordered arrangement of aggregates coming together to generate
J-ageregates.>®>® The comparison of fluorescent properties of
dispersed DHNB with DHNB J-aggregates showed fluorescence
intensification with a quantum yield enhancement from 0.14 to
0.48. An increase in fluorescence lifetime*””* of DHNB was
observed in MeOH:H,0O (10:90) in comparison to DHNB in
100% MeOH by a factor of 39.2% (Fig. S10). Thus, from the
above discussions of ESIPT and AIE, we believe that both these
mechanisms are cooperative in the DHNB excited state and are
regulated by its controlled acidity due to the presence of a strong
electron-withdrawing -NO, group at the para position to ~OH,
increasing its acidity and making the phenomenon of ESIPT
more favorable***° and consequently leading to AIE. This is
because the introduction of the -NO, substituent modulates
the electron-withdrawing strength and intermolecular packing,
which together facilitate aggregation and stabilize the emissive
charge-transfer (CT) state, accounting for the observed AIE
behavior.

To confirm the role of the -NO, group in enhancing the
likelihood of AIE, we synthesized a reference compound DHSD
(Fig. 1b), lacking the -NO, group. No significant enhancement
in intensity was observed upon exploring the AIE behavior of
DHSD (Fig. S14), clearly justifying the role of -NO, in the
emergence of AIE. These arguments are also well supported
by the crystal structure of DHNB, where the persistence of
intramolecular hydrogen bonding in its packing arrangement
acts as a driving force for ESIPT, and its combined effect with
intermolecular H-bonding interactions gives rise to a CT state,

Fig. 4 SEM image of DHNB in (a) 100% MeOH and (b) MeOH:H,O
(10:90). TEM image of DHNB in (c) 100% MeOH and (d) MeOH : H,O
(10:90).
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as also manifested in its fluorescence behavior.*' Therefore,
DHNB in MeOH : H,O (10:90) is utilized as a template for the
detection of targeted analytes.

3.4. Fluorescence response of DHNB towards various analytes

The sensitivity of DHNB (5.0 pM) in MeOH : H,O (10:90) was
first evaluated for all the analytes, viz. Bandrowski’s base (BWB),
p-phenylenediamine (PPD), o-phenylenediamine (OPD), m-phenyl-
enediamine (MPD), hydroquinone (HQN), 2,4-diaminopyrimidine
(DPM), melamine (MLN), and triphenylmethanamine (TMA)
(Fig. 5).

One of the most significant fluorescence changes in DHNB
was observed with BWB, where it shows quenching of its emission
at 497 nm upon the addition of 115.0 pM BWB (Fig. 6a). DHNB
exhibited linear dependence upon an increase in the BWB concen-
tration in the 0-60.0 UM range (R* = 0.99362), showing quenching

NH,
HoN \ /©/ /©/
2 N HoN

HoN

p-Phenylenediamine
PPD

o
HO

Hydroquinone

Bandrowski's Base

BWB
@NHZ HaN NH,
NH, \©/

o-Phenylenediamine m-Phenylenediamine

OPD MPD HQN
HZNYN\ NH, HaN /NI NH O
| Na N
J ¥
NH, NH,
2,4-Diaminopyrimidine Melamine Triphenylmethanamine
DPM MLN T™MA

Fig. 5 Chemical structures of various analytes studied.
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Fig. 6 (a) Fluorescence emission spectra of DHNB (5.0 uM) in MeOH:
H,O (10:90) upon the addition of increasing concentration of BWB
(115.0 pM) (Zex = 326 nm); the solutions were observed under (b) visible
light and (c) 365 nm UV illumination.
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Fig. 7 (a) Fluorescence emission spectra of DHNB (5.0 pM) in MeOH:
H,O (10:90) upon the addition of increasing concentration of PPD
(99.0 uM) (Lex = 326 nm); the solutions were observed under (b) visible
light and (c) 365 nm UV illumination.

efficiency, as evaluated via the calculation of Stern-Volmer con-
stant, Kgy = 2.38 x 10* M " (Fig. $17) and a detection limit (LOD)
of 10.2 x 10~° M, displaying the sensitivity of DHNB towards BWB.

Interestingly, PPD displayed a contrasting sensing response
in comparison to BWB. The emission peak of DHNB at 497 nm
was quenched upon addition of 99.0 pM PPD, with a concurrent
rise in the peak at 402 nm (Fig. 7a). The emission intensity of
DHNB showed linear dependence upon the addition of PPD in
the concentration range of 0-90.0 uM (R* = 0.99580), exhibiting
a quenching efficiency Kgy = 3.63 x 10* M™* (Fig. S18) and a
detection limit (LOD) of 12.5 x 10~ ° M.

Further, the fluorescence response of DHNB towards differ-
ent analytes, including PPD analogues and derivatives, such as o-
phenylenediamine (OPD), m-phenylenediamine (MPD), hydro-
quinone (HQN), 2,4-diaminopyrimidine (DPM), melamine
(MLN), and triphenylmethanamine (TMA) (Fig. 5), was evaluated.
However, none of the other analytes (99.0 uM) could elicit any
significant spectral changes in DHNB (Fig. S11 and S12). The
comparative behavior of BWB and PPD vs. other analytes was also
evaluated based on changes in fluorescence intensity upon
addition of the same concentration of each analyte (Fig. S13).

Additionally, the evaluation of the sensing response of the
reference compound DHSD towards BWB and PPD revealed its
negligible fluorescence sensing behavior towards both analytes.
The concentrations of BWB (178.0 uM) and PPD (120.0 pM)
required to elicit significant spectral changes in comparison to
DHNB were much higher, confirming the role of the -NO,
group in the efficient sensing of DHNB (Fig. S15). SEM analyses
of DHSD (Fig. S16) show irregular, loosely packed aggregates.
There is a possibility that this decrease in aggregated state in
comparison to DHNB (Fig. 4) results in a weaker response to the
analytes tested. Thus, it indicates that the improved sensitivity
of DHNB arises from its more ordered aggregate morphology
promoted by the -NO, group.

3.5. Sensing mechanism of BWB and PPD

The mechanism behind the detection of BWB and PPD is estab-
lished by NMR titration experiments. Upon the addition of BWB to
DHNB, the -NH (6 = 11.58 ppm) and -OH (6 = 12.15 ppm) proton

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Changes in the 'H NMR spectra of (a) DHNB in DMSO-dg to (b)
DHNB upon the addition of BWB in DMSO-dg; inset 1 shows the disap-
pearance of —OH and —NH protons of DHNB upon BWB addition.

signals disappear (Fig. 8), indicating deprotonation. This deproto-
nation thus inhibits ESIPT and disrupts induced AIE, leading to
the disintegration of J-aggregates, as observed through SEM (Fig.
S19). This manifestation is observed in the fluorescence spectra as
a quenching of the 497 nm emission AIE band of DHNB (Fig. 6a).
BWB sensing can also be visually marked by the appearance of
dark blue color upon the addition of a reddish-brown solution of
BWSB to the colorless DHNB solution (Fig. 6b).

Upon the addition of PPD to DHNB, its NMR spectra became
slightly complex, which is indicative of the easy transformation
of PPD into a mixture of its monomeric, dimeric, oligomeric,
and polymeric oxidation products®' (Fig. 9). The disappearance
of -NH (6 = 11.58 ppm) and -OH (J = 12.15 ppm) proton signals
could be due to the interaction of DHNB with BWB (formed
in situ) (vide supra) (Fig. 8). The bright yellow color of the DHNB
and PPD mixture (Fig. 7b) indicates the formation of visually
recognizable semi benzoquinone diamine radical cation
(SBQDIRC) (Fig. S20)*! as compared to the initially colorless
PPD and DHNB solutions. SBQDIRC tends to exist in equili-
brium with its non-protonated neutral form, which initiates the
dye formation process during hair coloration by binding to a
coupler molecule.?* Thus, the transformation of PPD to para-
benzoquinone diimine (BQDI) (Fig. S20) via a two-electron
transfer through intermediate SBQDIRC suggests its inclina-
tion towards protonating electron rich N-dimethyl amino of the
DHNB molecule, manifested as a splitting of its 6-proton
singlet at § = 2.770 ppm upon PPD addition (Fig. 9). To confirm
the protonation hypothesis, fluorescence titrations were per-
formed between DHNB in 100% MeOH with trifluoroacetic acid
(TFA) (Fig. S21a), wherein a fluorescence response similar to
PPD was observed, i.e., quenching of emission at 497 nm and
emergence of a new band at 402 nm upon the addition of
increasing TFA concentrations. The formation of this species is
confirmed via HRMS as [M + H]": 523.3175 (Fig. S21b).

3.6. Commercial hair color sample analysis

To assess the practical application of DHNB, PPD detection was
tested on commercial hair color. Generally, these hair color
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Fig. 9 Changes in the *H NMR spectra of (a) DHNB in DMSO to (b) DHNB
upon the addition of PPD in DMSO-dg; inset 2 shows the disappearance of
—OH and —NH protons of DHNB and inset 3 shows the splitting of the N-
dimethyl amino proton signal, upon PPD addition.

samples contain many potential interferents, which may hinder
the performance of DHNB in detecting PPD. However, DHNB
displayed an excellent sensing performance, yielding compar-
able results for PPD detection in the presence and absence of
hair color ingredients.

100 mg of the hair color sample was prepared by mixing the
colorant (CO) and developer (DE) in a 1:1 ratio for 15 min
(Fig. 10a). The mixture was then dissolved in 10 ml of H,O. The
dissolution process was facilitated by sonication, followed by
centrifugation and filtration. The collected supernatant, called
CODE solution, exhibited the characteristic PPD peak in its
fluorescence spectra (Fig. S22a) and in HRMS as [M']: 108.1604
(Fig. S22b), again corresponding to PPD. When titrated against
DHNB (5.0 uM) in MeOH:H,O (10:90), the CODE solution
yielded comparable fluorescence response in DHNB (Fig. 10b),
as observed for DHNB with PPD, substantiated by the appear-
ance of dark yellow color of the final solution (Fig. 10c). The
titrations of DHNB with control solutions, i.e., colorant (CO),
developer (DE) (extracted via similar process mentioned for
CODE) and commercially purchased resorcinol (RSN) (a major
ingredient in hair colors, along with PPD) prompted no sig-
nificant unexpected spectral changes in its emission (Fig. S23).
Therefore, aggregates of DHNB are efficient in detecting PPD in
commercial samples.

Further, to assess the influence of pH or ionic variations on the
sensing behavior pertinent to real-world samples, we tested the
CODE solution towards DHNB (5.0 uM) at three different pH
values (pH 6.8, 7.1, and 8.2) in HEPES: MeOH (90: 10, v/v). The
sensing behavior remains similar at different pH values (Fig. S24).

3.7. I-V measurements for potential sensor device development

We assumed that the strong electron-withdrawing nature of
p-nitrophenol in DHNB modulates the electronic properties of
the system. Additionally, the existence of C-H- - -w, n- - -1 stacking
and other intermolecular interactions in the crystal lattice of
DHNB (Fig. S6) indicate its charge transport properties,’” which
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Fig. 10 (a) Mixing of colorant (CO) and developer (DE) in a 1:1 ratio. (b)
Fluorescence emission spectra of DHNB (5.0 uM) in MeOH : H,O (10:90)
upon the addition of an increasing volume of the CODE solution (lex =
326 nm); the solutions were observed under (c) visible light and (d) 365 nm
UV illumination.

encouraged us to evaluate the electrical characteristics of the
system in the presence and absence of both the analytes, ie.,
BWB and PPD. The rationale for evaluating the electrical char-
acteristics was to assess the potential of DHNB for device
preparation. The I-V characterization was performed by sweeping
the voltage between —1.0 V and +1.0 V (Fig. S25 and $26).

In the absence of any analyte, DHNB showed negligible
current flow. On subsequent additions of both analytes, ie.,
BWB and PPD, a concomitant increase in current is observed.
The peak value of ~6.0 nA is attained in both cases at a potential
of 1.0 V, though the amount of BWB used for maximum current
flow is 1.0 ppm (Fig. 11), whereas a similar amount of current flow

—o— DHNB

7 {—>—DHNB + 0.01 ppm BWB
—~— DHNB + 0.1 ppm BWB
—v— DHNB + 1.0 ppm BWB

Current(nA)

0.5 1.0
Voltage(V)
Fig. 11 /-V plot of DHNB upon the addition of an increasing concen-

tration of BWB (1.0 ppm).
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Fig. 12 |-V plot of DHNB upon the addition of an increasing concen-
tration of PPD (100.0 ppm).

is generated on the addition of 100.0 ppm of PPD (Fig. 12). This
current flow behavior supports our proposed mechanism (vide
supra). BWB promotes the deprotonation of DHNB, resulting in a
rapid current flow at lower concentrations. In the case of PPD, the
stepwise formation of polymeric oxidized products and the in situ
formation of BWB, which induces deprotonation, result in a slower
rate of increase in current at higher concentrations of PPD in
comparison to BWB. Thus, DHNB behaves as an n-type semicon-
ductor in the presence of both analytes. The I-V studies manifest
the potential of DHNB as a device for BWB and PPD sensing.

4. Conclusions

In conclusion, a new AIE material, DHNB, capable of differen-
tial detection of BWB and PPD is reported. The system is
equally effective in detecting PPD in commercial samples,
offering a practical solution for monitoring allergenic hair color
ingredients. The I-V studies performed indicate its promising
potential in the development of sensor devices. Selective detec-
tion of both the analytes is crucial for toxicological assessment,
quality control in cosmetics, and consumer safety.
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